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Abstract
The subject of this thesis is the design, analysis, fabrication and characterisation of 
third order Bragg grating optical filters on silicon-on-insulator (SOI) rib waveguides. 
New design guidelines for small cross sectional SOI waveguides have been proposed 
and described to address tlie issue of satisfying polarisation independence and single 
mode conditions simultaneously. This waveguide design will be used as a building 
block for the realisation of Bragg grating filters. The reflection spectral response of 
the deep Bragg grating operating in a thhd diffraction order on a single mode rib SOI 
waveguide has been studied theoretically using Floquet-Bloch Theory (FBT) 
developed in Politecnico di Bail, Italy in comparison with optical modelling software 
utilising Coupled Mode Theory (CMT). A series of Bragg gratings with different 
grating etch depths and lengths were fabricated at Southampton University to 
investigate the agreement between experimental results with theoretical predictions. 
The wavelength tuning capability of these Bragg grating filters in SOI waveguide 
structures were also investigated and implemented using the thermo-optic effect, 
through Joule heating of thin film aluminium heaters situated on top of the rib 
structure.
The SOI rib waveguides witli l,5jim height are designed to exhibit polarisation 
independence and single mode operation. The Bragg grating filter is designed to 
operate at a wavelength of 1.55[xm with a grating period of 689nm. The less rigorous 
fabrication tolerance of third order gr ating in comparison with that requhed by 228nm 
fir-st order gr atings is highly desirable only at the expense of slightly lower maximum 
reflectivity. The maximum reflectivity measurements of approximately 0.42 for third 
order grating are in agreement with tlieoretical prediction by FBT. The Bragg grating 
filters were thermally tuned to shift the Bragg resonance wavelengtli by up to 3.5nm 
with heater power of approximately 190mW. The tuning range of the filter is inhibited 
by the short lifetime of the heater caused by electromigration. At the time this work 
was carried out, this is the first demonstration of thermo-optic tuning through an 
integrated heating element, of third order Bragg grating filters based on small cross 
sectional SOI waveguide. The temperature sensitivity of the Bragg grating filters was
rr
analysed using a 2-D finite element method (FEM) and was consistent with the 
experimental results.
Key words; silicon-on-insulator (SOI), single mode condition, polarisation 
independent, Bragg gratings filter, Floquet-Bloch theory. Coupled Mode theory, 
tliermo-optic.
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Chapter 1: Introduction
Chapter 1
The grass withers, and the flowers fade, but the word of our God stands forever.
Isaiah 40:8
1 Introduction
There is a strong trend towards the fabrication of smaller photonic devices to improve 
device performance and cost efficiency [1.1]. Silicon-on-insulator (SOI) based 
photonics offers unique optical properties owing to the inherent large refractive index 
difference (-2.0) between silicon and silicon dioxide (Si02). This provides high 
optical confinement in the waveguide stxuctur'e which is highly desirable for 
miniaturisation of waveguide dimensions.
The recent research breakthroughs in the emission and fast modulation of light in 
silicon have provided an opportunity for the monolithic integration of optical 
components compatible with existing microelectronics fabrication. Silicon based 
modulators using the plasma dispersion effect have been demonstrated experimentally 
to achieve modulation speed exceeding IGHz [1.2] and showing potential to scale up 
to achieve bandwidth of lOGb/s [1.3] with device optimisation. The demonstration of 
Raman effect lasing [1.4] in a silicon waveguide cavity on a single chip represents a 
critical milestone towards the realisation of silicon based light source [1.5]. Recently, 
a high speed and small size silicon electr o-optical modulator [1.6] based on SOI ring 
resonator structure with 12 micrometers in diameter has been demonstrated, leading to 
the potential further miniaturisation of single chip integration with other silicon 
optical components. While many different materials have been explored to fabricate 
grating filters for wavelength division multiplexed system, SOI represents a platform 
that is truly compatible with standard microelectronics fabrication processing and 
highly promising for low cost and high volume production.
A Bragg giating is formed by creating a periodic corrugation or refractive index 
modulation in an optical waveguide. It is commonly achieved by imprinting in a
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photosensitive optical fibre or physically patterned in planai' or rib waveguide. These 
gratings structures can exhibit the characteristics of wavelength selective filters 
whereby they reflect a designated wavelength of interest while transmitting all the 
other remaining wavelengths. Bragg gratings are widely deployed in the field of 
optical telecommunication as filters, add/drop multiplexers and dispersion 
compensators. Some of the more prominent advantages in the implementation of 
Bragg gratings in waveguide structures are that they can achieve a desired filter 
response by tailoring the variation of grating etch depth, period and length. A high 
index contrast material with high optical confinement such as SOI allows the 
realisation of integrated Bragg gratings more compactly than theti fibre counterpar ts. 
In addition, the SOI waveguide based Bragg gratings filter fabrication process can 
integrate multiple grating with Mach-Zehnder Inteferometers (MZI) [1.7], filters [1.8], 
modulators [1.4] and wavelength somces [1.2] on the same silicon die, leading to the 
potential of an all optical system on a chip and large-scale integrated optical circuits. 
One of the critical challenges in the realisation of Bragg gratings in SOI is the 
requirement of submicrometer grating structures measuring approximately 114rrm 
(228nm period) for 1.55jLim operating wavelengtli patterned over a relatively long 
optical waveguide. Small cross sectional SOI waveguide structures are more sensitive 
to Bragg gratings because tlie perturbation of the refractive index modulation is 
proportionally larger. Hence, the combination of higher order diffraction gratings and 
moderate grating etch depth relaxes the strict fabrication requhement to achieve the 
filter response at the expense of smaller maximum reflectivity than the first diffraction 
order gratings.
The conventional Bragg gratings used in fibres usually have a weak grating 
perturbation. Le. gratings are shallow with amplitude much less than a grating period 
or tlie refractive index modulation of the fibre gratings is usually small compaied to 
tlie refractive index difference of the waveguide. These gratings can be theoretically 
described using standard Coupled Mode Theory (CMT) by taking into account only 
one forwai'd and one backwaid propagating mode of the single mode waveguide. This 
is based on the fact that the gratings act as a small perturbation that mutually couples 
these modes, leaving radiation and higher order modes unexcited. The approach based 
on the coupling of two counter propagating modes is not sufficient for deeply etched
1-2
Chapter 1: Introduction
gratings on high refractive index difference stiuctme such as SOL From a modelling 
point of view, it can appear* challenging to simulate the structure of Bragg grating 
filter with commercial available optical modelling tools using numerical methods 
such as the beam propagation method (BPM) or tlie finite different time domain 
(FDTD). However, the BPM cannot handle multiple reflections from the grating and 
rigorous method such as FDTD cannot simulate the whole of the gratings section 
without the requirement of large amount of memory, computation power and time. A 
quasi-3D Floquet-Bloch Theory (FBT) developed by Passaro and Armenise [1.9] has 
been utilised to explore the capabilities of the algorithm for deeply etched gratings on 
SOI waveguides.
A SOI waveguide based Bragg grating filter subjected to temperature changes through 
resistive heating can exhibit tuning capabilities due to the strong thermo-optic 
coefficient of silicon compared to silica. Upon driving the heater on top of the rib 
waveguide structure separated by a tliin layer of top cladding Si0 2 , the heat flux will 
flow towards the rib region where the majority of the propagating mode is 
concentrated, before spreading to the slab and substrate region. This subjects the 
propagation of optical mode in the rib waveguide region to effective index changes by 
thermo-optic effect in turn shifting tlie Bragg resonance wavelength.
This work was initiated to study the spectial properties of deeply etch gratings on SOI 
waveguides with FBT in comparison with experimental observations. Prior to this, we 
numerically analysed and provided a new design guideline for the single mode 
condition and polarisation independence of small cross sectional SOI waveguides on 
which the gratings will be built. The tuning capabilities of the third order diffraction 
Bragg grating filter was further explored using thermo-optic effect through Joule 
heating of an integrated thin film heater.
This thesis is organised into the following chapters describing the design, fabrication 
and measurement of third order diffraction Bragg grating filters on small cross 
sectional SOI waveguide.
Chapter 2 will provide the overview of the design rules used in achieving single mode 
SOI waveguide. This is followed by reviewing different types of Bragg grating filters
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implemented on waveguide stiuctures and thermo-optic effect in silicon based devices 
in the literature. Chapter 3 will describe tlie theoretical approach and the new design 
guidelines for deeply etched small cross sectional SOI waveguide. This is followed by 
presenting the merit of FBT and CMT for die simulation of Bragg gratings.
Chapter 4 will detail the design and analysis of Bragg giatings and the thermo-optic 
effect in the waveguide structiu*e. The principal contribution from this portion of the 
work win be to identify the critical SOI waveguide fabrication requirements to 
achieve single mode condition and polarisation independence simultaneously. By 
CMT and FBT numerical simulation, the gratings geometry such as grating etch 
depth, length and periods was designed and selected to achieve a deshed spectral 
response.
Chapter 5 will describe the development and implementation of fabrication techniques 
for Bragg gratings on SOI rib waveguides. Each of the fabrication steps involved in 
this work is discussed briefly. In chapter 6, tlie sample preparation procedures and 
techniques to produce good facet quality for optical measurement is studied. 
Subsequently, the experimental setups to measure the propagation loss of waveguide, 
reflectivity measurement and thermo-optic tuning of tlie Bragg grating filter are 
presented.
Chapter 7 will compare tlie measured reflection spectral response of the Bragg grating 
filter with FBT theoretical predictions. The characterisation of the integrated 
aluminium heater and thermo-optic tuning performance of the filter are discussed. The 
influence of heater temperature on the effective index changes on the filter is 
compared with 2D finite element method (FEM) and experimental results. Finally in 
chapter 8 conclusions are drawn, the summary of achievements in this work is given 
and future improvements and suggestions concerning the research are presented.
1-4
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Chapter 2
You are the light o f the world -like a city on a mountain, glowing in the night for all 
to see. Matthew 5:14
2 Literature Review
2.1 Introduction
This chapter consists of two main sections of the literature review. The first section 
gives an overview of recent developments in silicon photonics technology. This is 
then followed by the review of low loss SOI waveguides along with the single mode 
and birefringence free condition. The second section is devoted to the investigation of 
Bragg grating and Bragg reflectors on waveguide stiuctures, paiticulaiiy tlie Bragg 
grating on a rib waveguide. Subsequently, silicon based devices which exploit the 
high thermo-optic effect in silicon will be described.
2.2 Silicon Photonics
In the past decades, silicon has received relatively low interest as a viable alternative 
optical material in comparison with more exotic III-V materials such as indium 
phosphide (InP), gallium aisenide (GaAs) and lithium niobate (LiNbOg). According to 
Reed [2.1], there are two main reasons for this. First, silicon does not have an inherent 
mechanism for the emission of light: it is an indirect bandgap material, which means 
that its crystalline stincture makes it impossible to fabricate a laser. Second, silicon 
does not exhibit a linear electro-optic effect known as the Pockels effect, which is an 
important char acteristic for fast modulation of light.
Recently, there has been dramatic progress towards a silicon light source such as 
doping witli erbium to overcome the indirect bandgap in silicon [2.2], dislocation 
engineering [2.3] and optical amplification through the Raman effect [2.4]. The recent 
break-through developments in silicon such as fast silicon modulator in the gigaliertz 
region [2.5, 2.6] and continuous-wave Raman silicon laser [2.7, 2.8] have gone some 
way to overcome the two main aforementioned obstacles. These exciting
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developments in silicon photonics have paved the way for real monolithic integration 
on a single silicon chip using conventional microelectronics fabrication infrastructure 
to drive the cost down and all optical circuit can be truly realised in the near future.
2.2.1 Single-mode SOI Waveguide
Silicon-on-insulator (SOI) is an attractive optical material since it offers the potential 
of monolithic integration of optical and electrical circuits on a single substrate. In 
addition, silicon is transparent at telecommunication wavelengths in particular from 
1.53-1.61 pm and SOI technology provides a strong confinement of the optical mode, 
leading to the realisation ofO small optical components due to the inherently high 
refractive index difference between the silicon guiding and the insulating layer.
SOI technology is based on a simple wafer structure: a thin layer of high quality, 
monocrystalline silicon on an insulating substrate or on a conductive substrate with an 
intermediate insulating layer. A typical SOI planar waveguide configuration is shown 
in Figure 2-1. The silicon guiding layer is separated from the silicon substrate by the 
buried silicon dioxide (BOX) layer. The purpose of the BOX layer is to act as lower 
cladding to prevent the evanescent optical field from leaking into silicon substrate.
Silicon  gu id ing  layer
Buried S1O2 cladding layer
Silicon substrate
(a) (b)
Figure 2-1: (a) Cross section area of SOI planar waveguide and (b) ID optical fîeld confinement
The SOI planar waveguide provides one dimensional confinement of optical field 
vertically because of the high refractive index contrast between the guiding layer of 
silicon ( a2s , ~ 3 . 5  ) and buried S i02 {nsioi -1 .4) layer. Rib waveguides are usually used 
to achieve optical confinement in two dimensions; this can be achieved by introducing 
additional geometrical confinement through etching the silicon guiding layer using 
dry reactive ion etching or wet chemical etching techniques. Using the former 
technique, the resulting rib waveguide structure will have vertical sidewalls and the
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latter will result in sloping sidewalls. The single mode condition for both rib 
waveguide geometries will be reviewed in the next section.
It is often assumed that the cross section dimensions of a 3D rib waveguide must be 
similar to the thickness of a single mode slab region in order to allow only the lowest 
order optical (fundamental) mode to propagate. A numerical example in [2.1 ] which 
used the effective index method (HIM) to find the number of planar waveguide, 
demonstrated that in order for a single-mode operation in an SOI waveguide at ko 
=1.3|xm, the waveguide height need to be less than approximately 0.2pm. It is rather 
surprising that rib waveguides with silicon overlayer thickness of several microns, 
which constitutes a large cross section, are claimed to exhibit single mode operation 
in the literature [e.g. 2.10, 2.11, 2.16 2.20].
D
H
Air “ 1.0
h^rH Si = 3.477
S iO :- 1.444
Air
Sflicoii guiding 
Uyer
Buried SÎ02
SiUcoB Snbftrate
(a) (b)
Figure 2-2: (a) Waveguide parameters and (b) 2D optical field confinement of SOI rib waveguide.
It was first demonstrated by Petermann [2.10] using a mode matching technique, that 
rib waveguides for a large cross section area (compared to wavelength) can exhibit 
single-mode behaviour. The author argued that no higher order vertical mode can 
exist in the rib waveguide region, since higher order vertical modes under the rib 
region of waveguide height, H couple to the slab modes {h) with higher effective 
index values, therefore yielding high leakage losses. Figure 2-2 illustrates (a) the cross 
section of a vertical sidewall SOI waveguide with corresponding waveguide 
parameters and (b) fundamental optical mode profile. The authors expressed this 
mathematically via the following equation related to waveguide parameters [2.10]:
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-1  (4.1)
Where Hejf and heff denote effective heights of center rib and slab region when the 
evanescent field decaying outside tlie silicon waveguide is accounted for. In 1991, 
Soref et a l  [2.11] published an outstanding research paper that demonstrated this 
effect theoretically, using the beam propagation metliod (BPM) to simulate the higher 
order modes leaking out to the slab region, leaving only the fundamental mode 
propagating in the rib region. This is shown in Figure 2-3 by a series of simulated 
cross sections of the optical mode profile at different propagation distances in the z- 
dhection. A Gaussian beam was deliberately launched off axis in the rib waveguide 
structiue to excite higher order modes existing in the waveguide. In this example, it 
becomes apparent that higher order modes slowly coupled to the slab region until z  = 
2000pm, where only the fundamental mode remains in the rib waveguide. The autliors 
then derived a simplified expression for the single-mode condition (SMC) for 
relatively large rib waveguides:
^  g 0.3+ ’’ 2V l - r
h
(4.2)
W < 0.3H  +
1- H
0 .5 < r < 1 .0  (4.3)
Equation (4.3) imposed the restriction of the analysis in parameter r (see Figure 
2-2(a)) Thus, the analytical equation is limited to rib waveguides with shallow etch 
depth. Since the publication of this work, many authors have demonstrated low loss 
single-mode waveguides with large cross section both for sloping (trapezoidal) [2.12, 
2.13] sidewall and near vertical [2.14, 2.15] sidewall SOI waveguides. The former 
waveguide structure has a sidewall angle of 54.74°, arising from anisotropic chemical 
etching whereas the latter waveguide structure can be realised with reactive ion
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etching technique. Fabrication techniques in SOI waveguide will be further discussed 
in chapter 5. It is perhaps a little surprising tliat equation (4.2) was used by 
Schmidtchen et a l  [2.12] and Zinke et a l  [2.13], and widely accepted in theii' analysis 
to determined single-mode operation although tliis equation was initially derived for 
vertical sidewall SOI structure, and tlieir structures were formed by wet etching, and 
had angled rib walls.
n, = 1.00
3
Z = 0 yUm
z ss 2 5 0  yum
2 ~ 500 yum
2  =  10 0 0  yum
z = 2000 jum
Figure 2-3; Beam propagation simulation of a rib waveguide [2.11].
The precise conditions to describe single mode behaviour for vertical and sloping wall 
SOI rib waveguide have been pmsued by several authors based on experimental 
observation and theoretical analysis. In 1994, Rickman et a l  [2.14] fabricated a 
matrix of rib waveguides of different waveguide dimensions to study the effect of 
waveguide rib etch depth, width, interface roughness and mode chaiacteristics of SOI 
structures. In the author’s analysis, single mode propagation criterion was not 
included in die discussion. Thus, Pogossian et a l  [2.16] used experimental results of 
Rickman et a l  [2.14] and effective index method (EIM) to reconsider the single mode 
conditions proposed in equation(4.2). The authors postulated that more stringent
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criteria needed to be imposed in order to satisfy single mode requirement for vertical 
sidewall rib waveguide.
Sorcfs
formula
Experimental Data 
•  Multimode 
X Singlemode2 .2 -
2.0 -
EIM
1
X X1.0 -
0.8 - X X
0.6 -
0 ,4 -
0.4 0.6 0.8 1.0
h/H
Figure 2-4: Theoretical curves for single-mode limit presented in [2.16] which derived from 
experimental data in [2.14]. The circles and crosses correspond to multimode and single-mode
waveguide.
By utilising curve fitting techniques and EIM analysis, their new design criterion can 
be expressed by:
W r— < c + -
H V l - /
(4.4)
h
i - A  I {h .
The authors used a variable c for comparison with equation(4.2), but in their analysis 
the variable took the value of 0, hence imposing more restrictive conditions on the 
waveguide design process. Nevertlieless, all the design equations reported in the 
literature so far are limited to shallow rib etches where the ratio of slab to rib height is 
bigger tlian 0.5. Referring to Figure 2-4 in the region within the limit of a deep etch (r
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< 0.5), it is cleai’ly shown the lack of experimental data points imply that neither the 
curves of EIM nor BPM theoretical analysis is convincing enough. If additional data 
points are available in those deeply etch regions, it will enable a cleaier distinction 
between the two approaches since tliose data points will influence the slope of the 
fitted curve and in turn the variable c in equation(4.4). Furthermore, it has been 
demonstrated tliat polarisation independent operation [2.17-2.18, 2.25-2.27] can be 
obtained by employing deep etched rib in SOI waveguide. The single mode condition 
in rib waveguide for parameter r < 0.5 has to be addressed since it is desirable to 
realise a waveguide which satisfy both single mode and polarisation independent 
condition simultaneously. In theory, by carefully controlling waveguide width to 
height ratio, it is possible to design birefringence free waveguide and possibly single 
mode operation necessary for many photonic components. It is commonly known that 
both conditions may not be satisfied simultaneously in all cases. This design issue is 
discussed further in Chapter 4.
Wt
H
W
Air n= l Wb
Si 11=3.5
'Area 1 
^ r e a  2  
h
S102 n=1.5
Figure 2-5; General structure of vertical and trapezoidal SOI rib waveguides [2.201.
Powell [2.20] made a more general analysis for rib waveguides with angled sidewalls, 
finding a simple analytical expression for such waveguides that was in good 
agreement witli tire original work of Soref et a l  [2.11]. Figure 2-5 shows the cross 
sectional schematic diagram of angled sidewall SOI rib waveguides. With simple 
tiigonometi'y for the slope of 54.74°, the waveguide width at the top region is related 
by:
W , = W , —j 2 ( H - h )  (4.5)
He demonstrated that scalar approximation in BPM is sufficiently accurate for large 
rib waveguides with shallow etch depth (large parameter r), where the mode intensity 
and distribution are similar* for both polarisations. The author plotted Figure 2-6 to
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compare tlie boundary between single mode/multimode with otlier published work 
[2.11, 2.16]. With inclusion of geometrical considerations in equation (4.5) and BPM 
simulation, the author derived a new expression for a single mode condition for 
trapezoidal large cross section depicted in Figure 2-5 as:
h
a^ i 0 . 3 + -H (4.6)
The restriction of equation(4.3) also applies in here to enable vertical modes in the 
planarVslab region on each side of the rib to become higher than the effective index of 
vertical modes in the rib, other tlian the fundamental mode. However, he did not 
discuss the validity of this equation when the cross section of the SOI waveguide is 
reduced, where polarisation effect imposed on the waveguide geometry becomes 
dominant. Cheben et al. [2.21] suggested tliat tr apezoidal waveguides are more robust, 
which makes fabrication tolerance less stringent when scaling down photonics 
waveguide devices dimensions. These autliors addressed the polarisation issue by 
presenting novel approaches to control tire waveguide bkefringence using the stress in 
an overcladding film [2.22] and inducing form birefringence tlirough deposition of 
alternating layers of high and low index materials.
I
  W=Wt
 Power
' ' ' ' EIM/Transfer
 Marcalili
+ BPM Points 
------
Multi-mode
W=W
Single-Mode
0.50.50 0.55 0.60 0.65 0.70 0.75 0.80 0.85 0.90
M i
Figure 2-6: Waveguide width to height ratio, W/H as a function of slab to waveguide height ratio 
for single-mode cut-off for different approximations based on trapezoidal rib structure [2 .201.
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In 2002, Vivien et a l  [2.18] presented a tlieoretical analysis of the influence of 
waveguide paiameters on the polaiisation properties for single mode SOI rib 
waveguides. The SOI rib waveguide dimensions (height, widtli and etch depth) 
leading to tlie requirements of single mode propagation and polarisation independence 
being calculated for waveguide heights ranging from 0.75p,m to 2[im for operating 
wavelength of Ào 1.53[im and 1.61p.m, shown in Figure 2-7. In tliis work, it has been 
shown tliat the single mode condition limits the waveguide width, but it is also valid 
for deeply etched waveguides unlike previous published work [2.10,2.11].
IOH=0.75nin AH=1 xH=1.25|4m pm OH=1.7S pm •H=2|jin!
0.42
0.41 - '—a
0.40 -
0.39 -
I 0.38 -E 0.37 ‘205 0.36 -Û.
0.3S -
0 .34-
0.33 -
0.32
0.45 0.50 O.GO 0.65 0.70 0.75 0.80
W/H
Figure 2-7: SOI rib waveguide parameters supporting single-mode and polarisation independent 
for waveguide height H from 0.75pm to 2pm at 1,53pm.
In their analysis, much attention was drawn to the etch deptli influence on waveguide 
birefringence for different waveguide heights, but the single mode conditions were 
not discussed in detail and only referred to via the design equation(4.2) for single 
mode operation. Considering the SOI rib waveguide dimensions in their work, this 
constitutes analysis of small cross sectional devices compared to other larger cross 
section[2.10 - 2.12], this raises some concern whether the same design equation (4.2) 
is applicable and sufficient to describe the single mode behaviour with small 
waveguide dimensions.
Lousteau et at. [2.24] suggested tliat the widely used large cross section SOI rib 
waveguide design criteria proposed by Soref et a l  [2.11] is not sufficient to ensure 
single mode behaviour. Waveguide geometries that the design formula [2.11] predicts 
should be single mode, were shown to support higher order vertical modes that did not
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couple or leak to the slab region. In order to remain consistent with Rickman et a lls  
[2.14] experimental observation, the authors employed waveguide heights, H of 
7.5pm and 3pm and operating wavelength of 1.523pm to calculate the complex 
modal index which in turns gives attenuation constants for all the modes existing in 
the waveguide geometry of interest.
Attenuation dB/cm
V SlnglMiod# aooordkig [ 7] 
•  MuWinod* aooordkH) [71
  Sorafi boundary (11
 Pogoaaian'a boundaiy [2J
0.5 0.525 0.55 0.575 0.6 0.625 0.65 0.675 0.7 0.725 0.75
r=h/H
Figure 2-8: Contours of equal loss as a function of geometry for SOI rib waveguides operating at 
1.523pm for HE20 through ^£50  modes [2.24].The triangular and dot in the plot indicated 
experimental data exhibit single mode and multimode from Rickman et aL [2.14].
Figure 2-8 represents the contour plot of attenuation as a function of waveguide 
geometry obtained for HE20 through HE50 modes in comparison with experimental 
results of Rickman et a i  [2.14] and boundaries between single and multimode 
behaviour predicted by Soref et al. [2.11] and Pogossian et al. [2.16]. The analysis 
applied here is restricted to r > 0.5, i.e., deeply etched ribs are not considered. A high 
attenuation constant in the contour plot indicates that the particular waveguide 
geometry is high loss in nature, hence only fundamental mode remains in the 
waveguide. The results from the authors suggested that some higher order modes 
HEno (n >  1) are guided with low loss, implying that these waveguides are effectively 
multimode. It is therefore apparent that the single mode design criteria is more 
complex than previously understood.
Recently, Aalto et al. [2.28] proposed a new single mode condition for SOI rib 
waveguides and numerically analysed waveguide heights of 3pm and 10pm in 
particular. They utilised full vectorial modal analysis to observe optical mode profiles 
of the waveguide geometries of interest and validated with a 3D BPM. Figure 2-9 
depictes the theoretical and simulated single mode conditions for 3pm rib waveguides
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at TE and TM polarisations. The “transition zone” as suggested by the authors, where 
the higher order mode is expected to leak according to simulations (black dots), is 
illustrated with grey colour separately for horizontal 10 mode and
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Figure 2-9: Theoretical and simulated single-mode conditions for 3pm thick rib waveguides at
TE and TM polarisations [2.28].
vertical 01 mode. The authors then derived an equation based on their simulation 
results to describe the single mode condition in two regions yielding:
Soref .Q if (Q + h y " -4 (Q  + Hy" < 0  
if (Q + h y ^ -4 (Q  + H f > 0 (4.7)
^\o=Cx{Q-^H) +
Q  =
Q te  =
> / ( e + * r - 4 ( G + w ) '
for TE polarisation and
Q tm -  Q te —
V  ^ s i  J
for TM polarisation
(4.8)
(4.9)
where W/o represent the cut-off limits for 10 and 01 modes indicated by the dashed 
lines in Figure 2-9, Wsoref describes Soref et al. [2.11] single mode limit, cj is a
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numerical fitting parameter with optimum value of -0.1, Q is the effective height 
which taken into account of evanescent field decaying in different polarisation. The 
autliors did highlight that the single mode condition can be achieved in deeply etched 
ribs (/* < 0.5) for relatively large cross section, however failed to address polarisation 
independent operation and systematic studies of small cross section SOI rib 
waveguide in their design. The autlior has continued this work, presenting an analysis 
that evaluates both the single mode condition and polarisation independence. This is 
discussed further is Chapter 3.
2.3 Bragg Gratings on Waveguide Structures
Wavelength filters are an essential component in modern long-haul and metropolitan 
optical fiber communication systems. The need to lower system costs is driving a 
ti'end toward the increased integration of optical devices into more compact 
subsystems with higher functionality. Waveguide-based integrated-optical 
technologies are being developed to address this requirement. In tliis section, 
numerous integrated waveguide filters, such as Bragg gratings on waveguides and 
Fabry-Perot cavities formed by deeply etch grating are reviewed. A Bragg grating is 
formed by creating a periodic corrugation or refractive index modulation in optical 
waveguides and fibres. These structures function as a wavelength selective filter, 
reflecting a narrow band of wavelengths while transmitting all other wavelength. The 
spectral response of such a filter can be configured or tailored to achieve a desired 
filter response with the implementation of shallow or deep grating etches.
Physically patterned Bragg gratings in planar’ and rib waveguide structures offer a 
number of advantages compared to implementation of gratings in photosensitive 
optical fibre. For the realization of gratings in optical fibers, Ge02 doped silica fiber is 
exposed to ultraviolet (UV) light to increase the refractive index periodically in the 
guide core and the maximum refractive index change observed is often small. The 
filters are typically several millimetres to several centimetres long, consisting of 
thousands of periods. Bragg grating in integrated optical devices can be realised using 
processes such as doping, implantation or various etching processes where the 
strengtli of the refiactive index perturbation could be significantly higher then
2-12
Chapter 2: Literature Review
achieved in fibre, which would result in more compact devices. Integrated gratings 
can contain precise phase shifts and variation in grating strength to achieve a desired 
filter response. In addition, one can realise Bragg gratings in non-photosensitive 
material such as silicon utilising mature process technology and potentially 
monolithic integration with other optical components such as modulators, ring 
resonators, arrayed waveguide gratings etc. to provide additional functionality in a 
single optical chip.
2.3.1 Gratings on Rib Waveguide Structures
Narrow band optical filters are vital components for optical network links which 
incorporate wavelength division multiplexing (WDM). Grating filters in periodically 
corrugated rib waveguides have been shown to exhibit high extinction ratios over a 
narrow band of frequencies [2.44]. Their reflection response can be tailored by proper 
apodisation of the grating structure [2.43]. Using rib waveguide structures as the 
design platform, the polarisation effect on the waveguide can be minimised or 
controlled witli appropriate waveguide height to width ratio. The selection of a rib 
waveguide structure as the design platform is more favourable tlien fibre systems that 
are highly susceptible to stress induced birefringence. Since standard single mode 
fibres do not maintain polarisation, devices insensitive to polarisation are required for 
the operation in wavelength division multiplexing (WDM) systems. In this section, we 
review alternative device structures supporting tlie implementation of gratings besides 
the aforementioned planar waveguide and optical fibre platform, hi the published 
literature, Bragg gratings can be configured as shallow and long periodic refractive 
index perturbations on the top [2.41 - 2.43] or sidewall [2.44] of the rib waveguide. In 
addition, Bragg grating also can form grating resonator filters [2.56, 2.59] which 
resemble the Fabry-Perot étalon where the miiTors aie replaced by a pah of distiibuted 
Bragg reflectors (DBR) with deep and short grating etch on the waveguide stincture.
In 1987, Yi-Yan et a l  [2.38] reported and demonstrated first-order narrowband Bragg 
grating in GaAs/GaAlAs based on rib waveguide stiuctures for operation at Xq 
=1.5jim. The waveguide dimensions supporting single mode operation with rib widths 
ranging from 2 to 5p.m and grating length of 2500p.m and grating period of 225nm. 
The proposed grating filter was based on a rib waveguide height of 1.8p,m, slab height
2-13
Chapter 2: Literature RevieM’
of 1.0|im and surface corrugation depth of 400nm. Figure 2-10 shows the top view 
SEM image of the fabricated device with rib width of 2pm. The authors observed that 
with angular displacement of 2° misalignment between the patterned grating mask 
and waveguide mask, leading to reduction of coupling efficiency to 44% for rib width 
of 5pm. This grating filter not only exhibits high reflectivity of 92% at TE 
polarisation, low polarisation dependence of 0.2nm also being observed which 
translated into small birefringence of 4.4x10'^. This pioneering work has created an 
enormous interest in this class of narrowband grating filter being explored in other 
materials such as InP and silicon.
Figure 2-10: Top view SEM image of a 2pm wide rib waveguide based GaAs/GaAlAs Bragg 
grating fîlter with grating period of 225nm [2.38].
In 1989, Cremer and co-workers [2.39] fabricated various type of grating filters based 
on planar, rib and stripe geometry, shown in Figure 2-11. A first-order Bragg grating 
on the InP material system for the 1.5pm wavelength region, with 230nm grating 
periods were implemented on top of the device structures. It was found that the 
waveguide structure with InP as cover layer exhibits polarisation independent 
operation where the Bragg wavelength difference in TE and TM modes can be 
reduced from 2.2nm to 0.3nm when rib waveguide structure was compared with strip 
geometry. The corresponding channel spacing of Inm and filter bandwidth of 0.2nm 
with crosstalk attenuations of -lO dB  was observed for strip geometry.
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In the same year, Cremer et al. [2.40] reinvestigated the potential of rib waveguide 
based Bragg grating filters in GalnAsP/lnP material. Instead of realising filters with 
narrow spectral response [2.39], the authors fabricated a first-order Bragg grating 
broadband filter using deep reactive ion etching to achieve higher coupling coefficient 
and resulting devices with shorter length. The reflection bandwidth of 5nm at -lOrfB 
has been observed for TE polarisation and the Bragg resonance wavelength in TM 
polarisation was shifted approximately 5nm to a shorter wavelength, thereby the 
device is highly polarisation dependent. It should be pointed out that the bandwidth is 
mainly determined by the coupling coefficient, K and the spectral response of a Bragg 
grating can not be broadened by the addition of grating length.
InP
(b )(a)
(c) Id )
Figure 2-11: Schematic diagram of proposed grating filter devices: (a) planar (b) planar, buried 
heterostructure (BH) (c) rib (d) strip, BH [2.39].
SiO layertpiiayerN
Substraic
(a)
Substrate
Figure 2-12: Longitudinal (a) and transverse (b) sections of the proposed silicon modulator
[2.41].
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Cutolo et al. [2.41] proposed and analysed a lateral p-i-n diode combined with a 
Bragg reflector. By means of varying refractive index by carriers injection via two 
lateral 0.5pm deep and regions, which in turn modulates the transmittivity of 
the Bragg mirror and hence modulates the intensity of light passing through the 
device. The authors predicted a 50% modulation depth achieved in response time of 
12ns with a power dissipation of 4mW and exhibits insertion loss of \.QdB. From 
Figure 2-12, the Bragg grating has a period A = 227nm and grating etch depth a = 
45nm. The shallow grating length of L = 3200pm was implemented along a rib SOI 
waveguide, which is W = 3pm and H = 3pm. The requirement of submicron grating 
period in first-order Bragg gratings for operation at 1.55pm wavelength is likely to 
increase the fabrication cost associated with strict requirement of grating uniformity in 
the device.
light in
contacts
substrate
Figure 2-13: Three dimensional schematic diagram of p-i-n silicon modulator with Bragg 
reflectors on top of the rib waveguide [2.42].
Following the work of Cutolo et al. [2.41], Irace and co-workers [2.42] predicted 
1.4GHz operating bandwidth for an SOI modulator with Bragg reflectors depicted in 
Figure 2-13. The device has a waveguide height and rib width 1pm, grating etch depth 
of lOOnm and overall device length of 3000pm. It is apparent that by reducing the 
waveguide geometry from the original proposed waveguide width and height of 3pm 
to 1pm in [2.41], the device bandwidth increases from MHz to GHz region. The 
authors attributed this to the inherent high optical confinement of SOI waveguide, 
device geometry optimisation and suitable driving signal. It can be noted that the 
trend of SOI device miniaturisation has improved the bandwidth performance 
tremendously for the SOI based modulators. Nonetheless, the device polarisation.
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single mode criteria and waveguide etch depth of the device were not reported by the 
authors, but it is commonly understood that Soref et al.'s [2.11] single mode equation 
is used to predict the behaviour of the device with relatively large cross section.
(n * 1 4«)
Si (substrate)
Figure 2-14: SEM showing SOI rib waveguide with 223nm period Bragg grating patterned on the
top surface [2.43].
In 2001, Murphy et al. [2.43] demonstrated and characterised the first experimental 
Bragg grating reflection filter based on first-order grating period of 223nm on rib SOI 
waveguides. Figure 2-14 shows the cross section area of rib SOI waveguide fabricated 
features waveguide height H = 3pm, waveguide width, W = 4pm, waveguide etch 
depth, D = SOOnm and grating depth = 150nm. The measured transmission spectral 
response for 4000pm Bragg grating filter has a bandwidth of 15GHz (0.12nm) at 
1.543pm, and peak reflectivity of 50% and 90% for TM and TE polarisations 
respectively. The complicated dual mask layers and lithography steps involved during 
the fabrication leads to an increase in complexity and overall cost as well. The 
experimental measurements show good agreement with theoretical models based on 
couple mode theory (GMT), since the surface grating perturbation of 150nm is 
considered shallow in terms of overall waveguide height and hence GMT is 
sufficiently accurate as a modelling tool. However, the difference in Bragg resonance 
wavelength between TE and TM polarisation was separated by 0.40nm, where the 
authors attributed the dominant source of birefringence is that of modal birefringence. 
In addition, they also reported higher order leaky modes in the single mode rib 
waveguide geometry. It is possible to reduce the influence of higher order leaky 
modes by shrinking the dimensions of the waveguide but at the expense of reduced 
fibre coupling efficiency.
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Figure 2-15: Cross section of SOI rib waveguide with Bragg grating on the sidewall [2.44].
r b  width
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z-posittan along grating (mm)
Figure 2-16: SEM of different sections of SOI waveguide with sidewall grating: (a) plots the 
waveguide-grating geometry and indicates where the micrographs were acquired, (h), (c) and (d) 
show the sidewall grating structure after RIE [2.44].
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Hastings et al. [2.44] reported a new class of apodized Bragg grating filter based upon 
rib SOI waveguide with the utilisation of grating perturbation in the sidewall of the 
waveguide as shown in Figure 2-15. The device comprises waveguide geometry of 
waveguide height, H = 2.2pm, waveguide width, W = 1.6pm, waveguide etch depth, 
D = SOOnm and gratings are fully etched to the slab region. The grating profile utilised 
in the sidewall has a raised cosine function along the interaction length of 3000pm 
with grating period of 224.9nm instead of the commonly used uniform rectangular 
profile [2.41- 2.43]. Figure 2-16 shows SEM images of the raise cosine apodization 
function along the length of the grating. It should be note that the rib narrows slightly 
as the grating depth increases into the waveguide width. The measured transmission 
response with raised cosine profile exhibits lower side-lobes compared to its 
unapodized counterpart. Nonetheless, both devices show high dependency on modal 
birefringence in their transmission spectrum. The major advantage of the placement of 
Bragg grating in the sidewalls of integrated waveguide is facilitating the fabrication of 
grating based devices in a single lithography step. This technique is flexible and can 
be applicable to variety of grating based devices and material systems.
a) Reflection peak at À2 
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Figure 2-17: Proposed add/drop multiplexer in (a)Mach-Zehnder conflguration (b) Bragg grating 
structures in SOI waveguides where the grating region extended to the slab region [2.45].
Aalto et at. [2.45] realised their waveguide grating design, based on rib SOI 
waveguides with a large cross section measuring H = 9pm , W = 6pm and waveguide 
etch depth of D = 4.3pm to ease coupling light from standard single mode fibre. The 
novelty of the structure is the deep gratings of 1pm extend beyond the top of the rib 
waveguide. The authors predicted the spectral response using rigorous diffraction 
theory [2.46]. The simulations suggested that the extended grating region to the slab 
region will increase the grating perturbation without causing any excessive scattering
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and radiation loss. First-order and second-order grating periods of 225nm and 450nm 
were fabricated respectively on SOI waveguide. However, the first-order grating 
suffers from aspect ratio dependent etch (ARDE) effect whereby the etch rate changes 
drastically when the grating etch deepens with respect to the grating linewidth. On the 
other hand, second-order Bragg gratings with grating periods of 450nm exhibit almost 
vertical sidewalls and are free from ARDE since the structure has a wider and smaller 
aspect ratio. This research demonstrated that it is viable to achieve a high aspect ratio 
in higher diffraction order Bragg grating filters without significant fabrication 
difficulties.
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Figure 2-18 : SEM images of cross section area of the proposed (a) SOI waveguide dimensions (b) 
top view of surface Bragg grating achieve via FIB milling [2.47].
The realisation of surface grating on SOI waveguide was further exploited by Ta’eed 
and co-workers [2.47, 2.48]. In their work, they reported an interesting alternative 
method to define a grating other than Electron-beam lithography on SOI waveguides. 
Bragg gratings were defined by focused ion beam (FIB) milling on the top of the SOI 
rib waveguides after rib waveguides were fabricated using standard photolithography 
and reactive ion etching techniques. They designed and fabricated a waveguide with a 
goal of obtaining a large cross section area for maximising coupling efficiency from 
single mode fibre. Figure 2-18 shows the fabricated cross section of SOI rib 
waveguides with height, H = 5pm, rib width, W -  4.7pm, waveguide etch depth of 
2.4pm and grating depth of 40nm. The device yields a grating period of 240nm and 
grating length of 330pm, along a waveguide length of 2000pm. Since the overall rib 
waveguide dimensions are relatively large, not surprisingly higher order leaky modes 
were also observed in the device, consistent with experimental results in [2.43]. Their
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results suggested that smaller waveguide dimensions than required for single mode 
operation is needed to minimise the existence of higher order mode in the grating 
structures. I
2.3.2 Bragg Reflector/Fabry-Perot on Waveguide Structures
A Fabry-Perot resonant cavity is formed by two parallel reflective mirrors. It works 
on the principle of paitial beam transmission where light entering the input mhror 
experiences multi-beam interference inside the cavity. At a given optical path length 
between the mirrors, only certain wavelengths are resonant within the cavity.
The Fabry-Perot mirrors can be realised by a silicon wafer with both sides carefully 
polished. lodice et al [2.51] used this approach to construct a simple and low cost 
solution for ti*acking the frequency of WDM channels, based on the thermo-optic 
tuning of single cavity Fabry-Perot silicon optical filter. They demonstrated the device 
is capable of resolving up to five lOOGHz spaced channels with a crosstalk of -14dB  
at wavelengtli around 1.55pm. Niemi et al [2.52] constructed a similar device to 
lodice et al [2.51], instead of using Ah-Silicon interfaces as mirrors, they produced 
high reflectivity mirrors on both sides of a silicon wafer by depositing three quarter 
wavelength stacks of Si3N4 and SiOa. Their device yielded a tuning range of 30nm 
with heating power of 350mW. The entire silicon wafer based Fabry-Perot mentioned 
were only single cavity device, which commonly suffered from low finesse with 
limited free spectral range (FSR).
Cocorullo et al [2.53] have proposed a coupled cavity Fabry-Perot device to address 
this problem and improve the free spectral range (FSR). The authors reported 
theoretically a device capable of tuning over a range of 31.6nm by means of heating 
of about 380°C. The proposed device was constructed by two separate silicon wafers 
with one side of each coated witli one pair' of Si0 2 -Si layers; following by using SiOz 
spacers to firmly join the two wafers, ensuring in the middle the presence of an air gap 
of controlled thickness. The requirement of a precise polishing process to control the 
wafer thickness and difficulty to integrate into optical circuits make a waveguide 
based device more favourable.
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The mirrors of the Fabry-Perot cavity can also be constructed by Bragg reflectors, 
which consist of multiple pairs of quarter-wave stacks. The implementation of Bragg 
reflectors in silicon waveguides can be obtained by deep etching to form air-Si pair 
[2.54] or filling the etched trench with SiOz to form high reflectivity Si/SiOz [2.59] 
reflectors. The transmission spectral response of these structures near their resonance 
wavelength is highly sensitive to small refractive index changes in the cavity. Hence, 
the effective index modulation within the cavity can be achieved using either by free 
carrier dispersion or the thermo-optic effect with low electrical or thermal power to 
produce the desired phase change. However, if current injection is chosen to induce 
the refractive index changes within the F-P cavity, higher current density may induce 
undesirable thermo-optic changes due to the heating of the structure, leading 
efficiency reductions because the thermo-optic effect and free carrier dispersion 
produce refractive index changes with opposite sign.
Bragg toAector Gataetecmxto Bragg latector
DuHtd Owd#
Figure 2-19: (a) Schematic diagram of the proposed F-P based SOI modulator (b)SEM image of 
Fabry-Perot cavity in between two waveguide Bragg reflector defined by 12 quarter-wave
trenches [2.54].
In 1996, Liu et al. [2.54] proposed a silicon waveguide based modulator based on 
high finesse Fabry-Perot (F-P) cavity. Figure 2-19 show the schematic of the proposed 
and a SEM image of the fabricated modulator. The pair of pseudo-mirrors was 
realised and fabricated using two Bragg reflectors consisting of periodic quarter-wave 
trenches in SOI using electron-beam lithography and reactive ion etching techniques. 
The modulator was designed to operate at 1.3|im with grating period of 260nm with 
planar waveguide thickness of 200nm and trench depth of lOOnm. Using the high 
reflectivity of the Bragg reflectors enables large intensity modulation to be achieved 
with small modulator length of 18.3|Lim, leading to faster modulation operation. The
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authors suggested that Bragg reflectors reflectivity can be controlled by varying the 
number of etched trenches employed in the structure. Therefore a tunable filter with 
narrower resonance peak and larger intensity modulation can be achieved by 
increasing number of Bragg reflector etched trenches.
a u- : T
Figure 2-20: Schematic structure of waveguide based F-P filter proposed in [2.56].
The implementation of tunable filter in an F-P waveguide was further pursued by 
Tsang et a l  [2.56] when they reported a etched cavity InGaAsP/InP waveguide filter 
by current injection. The schematic of this structure is illustrated in Figure 2-20. 
Instead of utilising multiple etched trenches as in previously reported work [2.54], the 
F-P mirrors were formed by high reflectivity dielectric coatings deposited onto the 
two etched facet of the cavity. In order to obtain a wide FSR, the cavity length of this 
device was chosen to be 40jxm for an FSR of 8nm. The filter was able to tune over a 
range of 4nm by 50mA current injection and exhibited an FSR of 9nm with contrast 
ratio of lOdB, However, the filter tuning range of 4nm limits its application in WDM 
optical networks which require at least 30nm, spanning across C-band of tlie 
spectrum.
Ishikawa and co-workers [2.55] demonstrated anotlier fabrication method of Bragg 
reflectors by using silicon compatible technology of low energy multiple SIMOX 
combined with silicon molecular beam epitaxy (MBE) to achieve high reflectance 
Si/SiOz Bragg reflector. Their approach has the potential of reducing scattering loss 
which usually occurs between the silicon-air interfaces at the Bragg reflectors by 
introducing a quarter-wave SiOz layer for better refractive index matching with 
silicon. However, the epitaxial growth process is time consuming and complicated, 
leading to the high cost of fabrication. The realisation of high reflectivity Si/SiOz 
Bragg reflectors can be obtained by simple deposition of chemical vapour deposition 
of SiOz into the etched trenches in the device previously proposed by Liu et a l  [2.54].
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Figure 2-21: The proposed silicon electrooptic modulator in a F-P microcavity with high- 
reflectivity Bragg reflectors integrated in a single mode SOI rib waveguide [2.58].
In 2003, Barrios et al. [2.58] proposed and theoretically analysed a compact 
electrooptic modulator on a SOI rib waveguide with deep Si/SiOz Bragg reflectors, as 
shown in Figure 2-21. The microcavity facilitates confinement of the optical field in a 
small region, and the transmission of the device near its resonance is highly sensitive 
to small index changes in the cavity. This would require less injected carriers to 
achieve the required refractive index changes and hence phase shift. The rib width and 
silicon thickness are 1.5pm, and the etch depth is 0.45pm. The 20pm long device is 
predicted to require a dc power of the order of 25pW at an operating wavelength of 
1.55pm, to achieve 31 MHz operating bandwidth with transmittance of 86% and a 
modulation depth of 80%.
Figure 2-22: Top view of SEM of DBR and isolation trench of the silicon tunable Fabry-Perot
resonator [2.59].
Recently, Barrios et al. [2.59] fabricated a low power consumption silicon tunable F-P 
resonator similar to previous work [2.58] with reduced rib waveguide dimensions.
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Figure 2-22 illustrates a top view SEM images of the fabricated device, Si/SiOz DBR 
and isolation trench implemented on the slab region, with a spacing of 6pm from the 
rib waveguide. The height and width of the rib waveguide were 0.43pm and 1.0pm 
whereas DBR period and length of trenches were 31 Inm and 173nm. The device 
exhibited modulation depth of 53% while requiring 20mW power electrically. The 
authors predicted that the reduction of modulation depth is attributed to the scattering 
losses in the device and the influence of the thermo-optic effect within the cavity. 
Table 2-1 shows a summary of silicon waveguide based Bragg grating devices in the 
literature reviewed in this section. All the waveguide dimensions stated are in 
micrometers.
Table 2-1: Summary of waveguide dimensions employed in silicon waveguide based Bragg
grating devices in the literature.
Year Author H(im )
W
ipm)
D
ipm)
A
ipm)
Grating
Depth
(pm)
Length
ipm)
Optical
Structure
1996 Liu et al. [2.54] 0.2 N/A N/A N/A N/A 18.3 PlanarF-P
2001 Murphy et al. [2.43] 3.0 4.0 0.8 0.223 0.15 4000
Rib
BG
2002 Hastings et al. [2.44] 2.2 1.6 0.8 0.225 N/A 3000
Rib
BG
2002 Aalto et al. [2.45] 9.0 6.0 4.3 0.225 1.00 6750
Rib
BG
2003 This work 1.5 1.0 0.9 0.680 0.20 500 RibBG
2004 Ta’eed et al. [2.47] 5.0 4.7 2.4 0.240 0.04 300
Rib
BG
2004 Barrios et al. [2.59] 1.5 1.0 0.43 N/A N/A 20
Rib
F-P
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2.3.3 Thermo-Optic Effect (TOE) based Silicon Devices
The vaiiation of refractive index as a function of temperature can be described by a 
thermo-optic coefficient (TOC). Among the common thermo-optical materials, silicon
shoves the highest thermo-optical coefficient, = [2.60] at the fibreoT
optic wavelength of 1.55pm, which is double the coefficient of LiNbOg and even 15 
times that of silica. This particular characteristic in conjunction with the mature 
fabrication associated with silicon technology has stimulated the proposal of new 
devices in modulators and filters. The strong thermo-optic effect (TOE) in silicon has 
been exploited for the fabrication of silicon Mach-Zehnder interferometers (MZI) 
modulators by Treyz [2.61] as long ago as 1991. Modulation depths of 40% were 
obtained for switching powers of 30mW and switching times of 50ps for a device 
length of 500pm and waveguide width of 3pm. TOE modulation was achieved via 
electrical power dissipation in a resistive layer of tirin film heater formed in one of tlie 
arms of the MZI from a 0.25pm thick film of coevaporated nickel and chromium 
(80% Ni: 20% Cr).
T i  -  h e a t e r  g - 1
K -  . . . . . . . . . . . . . . -tr S i> f
SiOg
Si
Figure 2-23: Cross section of single mode optical switch based on SOI [2.62].
In 1994, Fischer et al. [2.62] furtlier improved the thermo-optic switch reported by 
Treyz [2.61]. The schematic diagram in Figure 2-23 depicts the cross section of the 
author’s waveguide configuration. They realised the single mode waveguide with 
large cross section to improve switching characteristics and minimise mode mismatch 
with single mode fibre. The measmed switching power of 150mW and switching rise 
time of 5ps showed an improvement of an order of magnitude in speed but at the 
expense of three fold in power consumption. In the same year, Cocorullo and co­
workers [2.63] reported tlieir silicon Fabry-Perot (FP) modulator based on TOE and 
achieved 55% modulation depth and power consumption less than lOOmW. The short
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cavity length of 10pm meant that the F-P modulator exhibited insensitivity to ambient 
temperature variations and theoretical operating frequency in the region of hundreds 
of kilohertz. The authors published subsequent paper in 1995 [2.64] in which a 
thermo-optic based silicon micromodulator with a 700kHz at -3dB bandwidth, 60% 
modulation depth corresponding to id l  shift was reported.
Clark et a l  [2.65] investigated a series of lower power thermo-optic phase modulating 
devices fabricated using multi-micron, large cross section rib structures in SIMOX 
material. The authors reported a device that delivered 7i phase shift with power 
consumption of lOmW for a 500mm device length. This improvement was achieved 
through the suspension of the waveguide over a v-groove to provide thermal isolation 
from the substrate. However, this low power consumption configuration is at the 
expense of a reduction of bandwidth of 1.1 kHz.
output \va\eguide
ctchcd m ir r a r s ^ .  i
resistive film
/
/wavegukie metal pad
Figure 2-24: SEM image of TOE based silicon modulator [2.66].
lodice et a l  [2.66] presented a combined thermal and optical simulation study and 
transient analysis for an all silicon waveguide integrated thermo-optic Fabry-Perot 
modulator to access the impact of the driving signal shape on the device speed 
performances. Figure 2-24 illustrates a SEM image of the proposed device realised in 
rib SOI structure, where waveguide width, height and etch depth are 8pm, 8.5pm and 
2.2pm respectively. The 35pm short Fabry-Perot cavity length is defined by means of 
two 10pm deep trenches realised by reactive ion etching. The authors argued that the 
cooling phase after the application of a heat pulse constitutes the true speed limiting 
factor of this device. Hence, they suggested applying a thermal bias and holding the 
modulator at a higher average temperature with respect to the environment and the
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substrate heat sink at the cooling phase. With this approach, a new and optimised 
driving signal was proposed and predicted by finite element thermal simulation to 
achieve a transmission rate of 2.2Mb/s.
Heat In
Cr/Au heater 
SiO
0.1
0.26 urn
0.6 (im
Figure 2-25: Schematic diagram of MZI thermooptic switch and cross section proposed in [2.65].
In 2003, Espinola et al. [2.67] designed and fabricated a MZI thermo-optic switches 
using UNIBOND SOI wafers. Figure 2-25 shows the design, consisting of 3pm input- 
output multimode waveguides that were in-tapered and out-tapered respectively over 
a distance of 10pm, to a 0.6pm width single-mode strip waveguide. The branches of 
the MZI had a length of 160pm and a branching angle of 3.8°. The MZI arms had a 
length of 1200pm. The Cr-Au heaters were 700pm long and 14pm wide with a 
resistance of 600 . This device exhibits low switching power of 50mW and rise time 
of 3.4ps. However, there is a slight polarisation dependence on the amplitude of the 
input and output power, which may be caused by the asymmetrical stress effect of the 
heater. The authors suggested by implementing optimised heater geometry and 
placement; the polarisation dependence effect should be able to be overcome.
Recently, Harjanne et al. [2.68] demonstrated a sub-microsecond switching time with 
10-90% modulation in a SOI thermo-optic MZ switch. The waveguide dimensions of 
the device are depicted in Figure 2-26, in which large cross section single mode
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waveguides with waveguide height, width and etch depth of 9pm, 10pm and 5pm 
respectively. A 500nm thick aluminium heater was deposited on top of the rib 
waveguide separated from the waveguide surface by a 1pm thick SiOz buffer layer to 
prevent optical mode attenuation from heater element and from damage during facet 
polishing. A differential control method which utilised the driving of both heaters in 
MZI arm simultaneously with different signal can result in shorter rise and fall time of 
725ns and 700ns. The drawback of this approach is the additional power consumption 
of lOmW and llOmW during rise and fall time compared to conventional switching 
signals. The authors suggested that the switching speed is limited by the heater 
breakdown point, the speed of the controller circuit and possibly temperature heat 
build-up within the circuit.
lO/iin - a ___________ _
.AI-heater O.n^n
Figure 2-26: Cross section of rib waveguide in MZ thermooptic switches [2.68].
2.4 Summary
There is a trend in photonic circuits to move to smaller device dimensions for 
improved cost efficiency and device performance. However, the trend also comes at 
some cost to performance, notably in the single mode operation and polarisation 
dependence of the circuits, the difficulty in coupling to the circuits, and in some cases, 
in increased device complexity. In this section, various design criteria and analytical 
approaches to design single mode and polarisation independent operation in large and 
small cross section SOI rib waveguides have been reviewed.
Various types of Bragg gratings and Fabry-Perot structures based on rib geometries in 
grating filter have been reviewed. There is also an undoubted trend towards smaller 
waveguides due to benefits of greater packing density, higher efficiency but at the
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expense of fabrication cost. In paiticular, much attention was devoted to the 
dimensions of rib waveguide and grating period upon which those devices were built. 
Silicon modulators based on the thermo-optic effect were also studied since its 
flexible configuration can be changed to an optical filter by implementing Bragg 
giating into the structure. The author envisages that the SOI Bragg grating structure is 
a versatile platform to realise a low cost reflection filter and potentially tunable optical 
filter utilising the inherent high thermo-optic effect in silicon for optical 
communication.
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Chapter 3
I am the light of the world. If you follow me, you won't he stumbling through the 
darkness, because you will have the light that leads to life. John 8:12
3 Theory and Analysis
3.1 Introduction
This chapter discusses and provides a relatively comprehensive summaiy of the 
theoretical and numerical techniques which are necessary for designing and building 
Bragg grating filter on silicon-on-insulator (SOI) waveguides. The key issues 
affecting the small cross sectional rib waveguide design such as single mode 
condition and polarisation dependence will be presented. We will begin by deriving 
the basic Maxwell equations which describe the eigenmodes of waveguides and relate 
these equations to full-vectorial and semi-vectorial mode of the waveguides. The 
criteria in defining single mode conditions and polarisation independent for SOI 
waveguide with small cross sectional area will be defined, resulting in new design 
rules for such waveguides. It is important to fulfil these requirements in order to 
improve devices performance while maintaining low propagation loss. Gratings are 
implemented by periodically modulating tlie waveguide’s dimensions or refractive 
index profile. This can be achieved in a waveguide structure by introducing periodic 
gratings on top of the waveguide structure. The numerical techniques and equations 
leading to the computation of Bragg gratings such as Coupled Mode Theory (GMT) 
and Floquet-Bloch Theory (FBT) will be discussed. The CMT presented here is based 
on a commercially available optical modelling program [3.1] while the analytical 
model and algorithms for FBT is developed by Passaro [3.2] and presented by the 
author in [3.3]. The basic operating characteristics of a Bragg grating filter along with 
parameters such as central wavelength and device bandwidtli will also be defined.
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3.2 Waveguides Design Theories
Dielectric waveguides consist of a higher refractive index core region surrounded by a 
lower refractive index cladding region. Light is guided in the core region by total 
internal reflection, and the boundary conditions yield discrete solutions to Maxwell’s 
equations. These solutions describe the waveguide’s modes of the waveguide 
propagation which will be subjected to discussion in the following section.
3.2.1 Maxwell Equations
One of the most commonly used SOI geometries is the rib waveguide structure as 
shown in Figure 3-1. Light is confined vertically utilising high refractive index 
contrast between guiding layer (nj) and the top (ns) and lower (^2) cladding layer, 
while the rib protruding from the high index contrast slab region provides further 
lateral optical confinement. Figure 3-1 depicts a schematic diagram of a rib optical 
waveguide which can be described by a refractive index profile n(x, y).
nj /
Figure 3-1: Schematic diagram of a rib optical waveguides. The red circle under the rib 
represents typical fundamental mode optical confinement in SOI.
The refractive index profile is related to the dielectric constant e by:
f  (x ,y ) = fo « '(x ,y ) (3.1)
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where 8 0  is the permittivity of free space. The refractive index profile is assumed to be 
real, meaning that the material does not have gain or loss. However, this can be 
included in the modelling by adding an imaginary component to the refractive index 
profile. The material comprising the waveguide is considered to be non-magnetic 
which can be expressed by:
— Mo (3.2)
where jUo is the permeability of free space. The eigenmodes of an optical waveguide 
are found by applying Maxwell equations with appropriate boundary conditions to the 
refractive index profile:
?y x E (3.3)
V x H  =n^ £f,~E (3.4)at
V -(rt'£) = 0 (3.5)
V - ( / / )  = 0 (3.6)
The above equations govern the electric (E) and magnetic (H) fields in the optical 
waveguide with no current sources:
where is a the conductivity of the material. If we assumed that all the field 
components aie having a time dependence of [3.5]:
E (x, y ,z,r) = R e{E (x, (3.8)
H {x ,y ,  z, t) = R e { #  (x, y, z)e^""] (3.9)
The Maxwell equations can then be rewritten in terms of complex field of Ë  andH .
V x Ë  = -jû)fi^H (3.10)
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V x H  = jœit^eoË (3.11)
V -(n^ f) = 0 (3.12)
V - ( 5 )  = 0 (3.13)
By taking tlie cuii of equation(3.3), the full-vectorial eigenvalue equation can be 
derived from Maxwell’s equations as described in [3.5]:
V x V x E  = -jo)jufVxH =k^n^E (3.14)
where k denotes the free space wave vector, which can be related to:
k = o>4^<, (3.15)
Equation(3.14) can then be simplified using vector identity,
V x ( V x f )  = V ( V . f ) - V ^ f  (3.16)
We can rewrite the divergence in equation(3.16) as:
V-(7i^I) = V(n^)*Ë + 7î^V-Ë = 0 (3.17)
V 'E  — — r-V(7î^)-£' (3.18)
n   ^ '
Combining equation (3.16)and equation(3.18) yield the vectorial wave equation for 
tlie complex electric field Ë as:
4 -V (« ^ ) .£  |+ & V £  = 0 (3.19)1 \V^E+V \n -  ' ' J
There are only tw oEor //f ie ld  components necessary to specify a solution to the 
above equation, usually the transverse components of the electiic field are considered.
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The full-vectorial wave equation can be expressed in terms of transverse component, 
Et if the refractive index in z diiection is assumed uniform and a z-dependence of e^ ^^ :
V 'K + V E, + fc V £ ,= /î^ £ ,\ n  ) (3.20)
where f  is the propagation constant of the waveguide. After some derivation [3.1], 
equation (3.20) can be rewritten in terms of transverse field components E  ^and Ey for 
a stiaight waveguide [3.1]:
~P^ Py~\ ~E,'■>y
p . . = P^ A .
(3.21)
where is the eigenvalue and Fxi Pyy are differential operators defined as:
1
dx + ■vy^ + n^k^E,
Py.A. = dy
1 3 (72% )
7%" ^
1
7Z"
1
n^  dx
9x9y
dydx
(3.22)
(3.23)
(3.24)
(3.25)
It is clear that the two coupled tiansverse field component of Ex and Ey are the 
eigenvector of P and the corresponding eigenvalue is //^.Tlie solutions of the above 
eigenvalue equation determined the modes of the propagation for the waveguide. 
From analytical point of view, the mode of a waveguide is polarisation dependent due 
to different boundaiy conditions at interfaces when Pxx f  Pyy The non-zero diagonal 
terms of Pxy^  f  0, Pyxf 0 account for polarisation coupling for both Ex and Ey field, this 
means the eigenmodes of an optical waveguide are usually not purely TE or TM in 
nature. It was commonly known in the literature as either hybrid modes or quasi-
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TE/quasi TM mode of the waveguide. The full-vectorial approach is highly desirable 
for the computation of propagation modes for waveguide feature sizes smaller than 
several micrometers when the minor component becomes more dominant. Figure 3-2 
illustrates a full-vectorial mode solved for 1.5|im height SOI rib waveguide with 
dominant Ex component located in the center of the rib waveguide and minor Ey 
component concentrated at the intersection between the slab and rib waveguide 
comers. This means that any variation of waveguide fabrication such as influence of 
comers or sloping walls in the cross sectional structure will have a significant 
influence on the hybrid modes.
3M»424 # <1>S3M434 Sialbc* EtacM •«M.ycompotiMl i
(a) (b)
Figure 3-2: The full-vectorial mode of a SOI rib waveguide with (a) dominant component and 
(b) minor Ey component.
When the minor component is small, Px% = Px\ = 0, the full-vectorial wave equation 
can be simplified into two semi-vectorial approximation equations:
(3.26)
(3.27)
For quasi-TE modes:
a
dx dx (3.28)
For quasi-TM modes:
d^E. -H---dx dy
1
dy (3.29)
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In this case, the transverse field components are decoupled and provide a good 
approximation for the solution while retaining the most dominant polarisation effects. 
Most integrated optical devices are designed to be single mode waveguides; this 
means that equation (3.21) has only one eigenmode for each polarisation state. The 
full-vectorial approach using beam propagation method will be used to determine the 
single mode condition for small cross sectional SOI waveguide in the following 
section.
3.2.2 Small Cross Sectional SOI Rib Waveguides
There is a cuiTent trend in silicon photonic circuits to move to smaller device 
dimensions for improved cost efficiency and device performance. The trend can also 
come at some cost to perfoimance, notably in the polarisation dependence of the 
circuits if  they are not caiefully designed. The fabrication restiictions that need to be 
imposed on the geometiy of optical waveguides to make tliem behave as single mode 
devices are well known for relatively large waveguides, with shallow etch depth. 
However, the restiictions for small waveguides (~lp,m or less in cross section), aie 
not well understood. Furthermore, it is usually a requirement that tliese waveguides 
aie polaiisation independent, which further complicates the issues. In this section, we 
present simulations of the conditions for botli single-mode behaviour and polaiisation 
independence, for small and deeply etched SOI waveguides. The aim is to satisfy 
both conditions simultaneously. The results show that at laiger waveguide widths, 
waveguide etch depth has little effect on the mode birefringence because the TE mode 
(horizontal polaiized mode) is well confined under the rib region. However, at smaller 
rib widths, the etch depth has a large influence on birefringence. An approximate 
equation relating the rib waveguide width and etch depth to obtain polarisation 
independent operation is derived. It is possible to achieve single mode operation at 
both polarizations whilst maintaining polarization independence for each of the 
waveguide heights used in this work, but may be difficult for otirer dimensions. For 
example, a lp.m SOI rib waveguide with an etch depth of 0.64p,m and rib widtlr of 
0.52|Lim is predicted to exhibit polarisation independence but does not satisfy the 
single mode condition.
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3.2.3 Single-Mode Condition
Since the early investigation of propagation loss and polarisation dependence of SOI 
waveguides, the interest in SOI photonic devices has increased enormously. Research 
activities in SOI range from study of basic building blocks such as waveguides [3.6- 
3.10] and bends [3.13] to more complex devices such as modulators [3.14], ring 
resonators [3.15], Bragg gratings [3.3, 3.5], and even light sources in silicon [3.16]. 
Single-mode SOI rib waveguides with large cross section have been studied 
extensively by a number of researchers [3.6-3.10] to find single mode behaviour at 
the same time as low propagation loss. The majority of these photonic devices in SOI 
have been studied in waveguides that are multi-micron in cross sectional dimensions 
(of the order of 5p,m), to facilitate low-loss coupling to and from optical fibres.
Figure 3-3: Cross section and waveguide parameters of a SOI waveguide
Soref et a i  [3.6] first proposed a simple expression for these large ribs waveguides, 
related to their geometry to ensure that they satisfied the single-mode condition 
(SMC):
W r— ^ a  + (3.30)
For 0.5 < r < 1.0 
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where r is the ratio of slab height to overall rib height, W/H is tlie ratio of waveguide 
width to overall rib height, and <%= 0.3. The scanning electron micrograph (SEM) of 
Figure 3-3 show a typical fabricated SOI rib waveguide witli H  = 1.20p.m, W = 
0.98|im and D -  0.76p,m using UNIBOND™ SOI wafer. The analysis of the 
waveguides was limited to shallow etched ribs as stated in equation (3.31) (r  > 0 .5 ), 
where deeply etched rib waveguides are not considered. Furthermore, the waveguide 
dimensions are laiger than the operating wavelength. Then* analysis was based on the 
assumption that higher order vertical modes (i.e. modes otlier than the fundamental 
mode) confined under the rib waveguides, were coupled to the outer slab region 
during propagation, therefore yielding high propagation losses for the higher order 
modes. Thus the waveguides behave as single mode waveguides, as all other modes 
are lost. The analytical Effective Index Metliod (EIM) was used by Pogossian et 
«/.[3.7] for a similai' analysis, and suggested tliat more stiingent geometiical 
conshaints needed to be imposed for single mode operation, resulting in an alternative 
value of a = 0, in equation (3.30). Powell [3.8] also made a more general analysis for 
rib waveguides with vertical or angled sidewalls, finding a simple analytical 
expression for such waveguides that was in good agreement with the original work of 
Soref et a l  [3.6], as well as using a simple scalar approximation in his analysis. He 
showed that the scalar* approximation is sufficiently accurate for large rib waveguides 
with shallow etch depth (large /*), where the mode profiles are similar* for both 
polarisations. This situation was discussed extensively in the literature review of 
chapter 2.
The widely used design criteria stated in equation (3.30) was revisited recently [3.10] 
using the full-vectorial beam propagation method (BPM) to demonstrate this simple 
equation is not sufficient to ensure single-mode behaviour*. The prediction by the 
design formula in equation (3.30) that waveguides should be single-mode was 
questioned in this analysis when some waveguides were shown to support other 
higher order* vertical modes. Nevertheless, tliis and all tlie other* work presented on 
this specific issue to date has been limited to waveguides of large cross section witli 
shallow etch depths (r > 0.5).
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3.2.3.1 Numerical Simulation
The modal analysis of the small cross section SOI rib waveguides is based on the 
BPM algorithm [3.11] using the conelation mode solving technique, particularly 
useful for z-invariant structures. In the conelation approach, an arbitrary field is 
launched for each dominant polarisation iirto the waveguide structure off-centre, to 
excite high order modes and allow propagation in z direction via normal BPM. During 
tlie propagation stage, the following correlation function between the input field and 
the propagating field is computed:
(3.32)
The correlation method resolves all high-order modes supported in the structure by 
determining the mode spectrum, where eigenvalues (effective index values) of all 
guided modes and leaky modes are found. The computed mode spectrum is the Fast 
Fourier Transform (FFT) of the congelation function. It will exhibit a peak at the 
frequency of each of the guided modes, with a height equal to the fraction of power in 
tlie launched field contained in the mode.
TE» 
r«= 0.405
(a)
Figure 3-4: Cross section area of SOI rib waveguide showing both the geometries and tlie 
calculated intensity distribution (scale of 10) of the fundamental (a)TM and (b)TE mode for Ao = 
ISSOnm. Waveguide height of 1.50pm, width of 1.0pm, etch depth of 0.89pm = 3.477 and nsio2
= 1.444 are considered here.
To maintain consistency of the analysis witli others, we have employed the notation 
[3.6, 3.10] of EHtwi and HEtm where « = 0, 1, 2, 3 ..., m = 0, 1, 2, 3 ... and where EH 
refers to the dominant vertical polarisation and HE to dominant horizontal
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polaiisation. They are commonly known as qnasi-tiansverse-electiic modes (quasi- 
TE) for HEnm modes and quasi-transverse magnetic (quasi-TM) for EHnm modes. The 
waveguide geometiy and the fundamental modes of a SOI rib waveguide aie 
illustiated in Figure 3-4, and will be considered as our reference model where H  = 
1.5p,m, W= 1.0 p,m, r = 0.405 and Etch depth, D = 0.89|am.
3.2.3.2 Waveguide Width and Etch Depth Influence
This section presents the influence of waveguide width and etch depth of tlie rib 
waveguide geometry to design small cross section area waveguide supporting the 
fundamental mode only. The single mode simulation was setup using the waveguide 
structure shown in Figure 3-3, which is a rib waveguide of silicon, Si («§=3.477) on 
silica, Si02 («s=1.444) and has an upper cladding that is air («c=l)- We have made the 
reasonable, usually satisfied assumption of no coupling between the quasi-TE and 
quasi-TM modes. The energy fields in both majority and minority components are 
taken into consideration because minority field component has the potential of 
changing the effective index value for small waveguide cross sections.
A Gaussian field was chosen to approximate an optical fibre mode, and it is 
deliberately launched off-centre at one thud of the waveguide width to excite higher 
order modes supported in the striictiue. The propagation length was chosen to be 
4mm, which is sufficiently long to allow potentially guided higher order modes to 
leak out from the rib waveguide. The number of vertical and horizontal guided modes 
was restricted to three {HEno , n < 3 and EHom , m < 3) for botli polarisations during 
the computation, in order to minimise the computation time. However, this is more 
than sufficient to determine the single mode/multirnode transition. In the simulations, 
the waveguide height (7/), etch depth (Z)), and slab height Qi) were kept constant 
whilst increasing the waveguide width in increments of 0.01p,m to find the boundary 
between single-mode and multimode behaviour. The iteration of tlie simulation was 
repeated with different values of the slab height (Ji) to waveguide height (77) ratio 
(parameter r = h/H). Hence the process is one in which we gradually increase tlie 
waveguide width until a second-order mode is guided {EHqu HEqi). The boundary of 
the single/multimode can therefore be determined by computing the minimum 
waveguide width at which the first higher-order mode is supported by the waveguide 
structure. In Figure 3-5, our simulation results are presented together with a scalar*
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approximation [3.8] and other approaches of Soref et at. [3.6] and Pogossian et al.
[3.7], for an SOI rib waveguide height of 1.50p.m and operating wavelength X = 
1550nm. It should be noted that the original data of [3.6, 3.7] does not extend to the 
range of r < 0.5 and so here we have simply extended these results by extrapolation. 
Figure 3-5 shows that the scalar approximation and quasi-TE (HE) results are very 
similar for a large range of values of parameter r fabove ~ r=0.4).
Multi-mode region
^  0.9
quasi-TE H = 1.50um 
★ quasi-TM/ /=  1.50pm 
A  scalar
a  =0.3 [3.6] 
a = 0  [3.7]Smgle-mode region
0.30 0.35 0.40 0.45 0.50 0.55
Parameter r
0.60 0.65 0.70 0.75
Figure 3-5: Comparison of scalar and full-vectorial numerical simulation methods for quasi-TE 
and quasi-TM single mode cut-off dimensions for a rib waveguide of 1.50pm. The trend lines and 
data points indicate the boundary between single and multi-mode regions.
This scalar approximation result also approaches the results of [3.7] for values of 
parameter r less than approximately 0.40. However, it can be seen that the results of 
the quasi-TM (EH) simulation is very different from both the scalar and quasi-TE 
computation for r < 0.5, where the boundary of the single/multimode regime for EH 
and HE modes diverge. This simulation data suggests that the single-mode cut-off 
condition for deeply etch rib waveguides is different from commonly used design 
rules [3.6, 3.7] and the strict criteria for the cut-off condition, where parameter a = 0
[3.7] are less useful than the other simulations, either for small or large values of
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pai'ameter r. This also re-affkms that the work of Soref et a i  [3.6], or even that the 
scalar" approximation can be used as a basis of design of single mode waveguides 
only for shallow etched rib waveguides (r > 0.5) with large cross section. The primar y 
issues however, are the differences between the single mode conditions for different 
polarisations at smaller values of parameter r, which are significant, par ticularly in 
small waveguides. This is because tire optical confinement for such small waveguides 
is dominated by the boundary conditions, which are well known to be different for 
quasi-TE and quasi-TM modes.
r *  0.405 TEo,r  = 0.403
(a) (b)
Figure 3-6: Calculated intensity distribution of (a)TEio and (b)TEoi modes when reference 
waveguide width is increase from 1.0pm to l.SOpm as indicated by a red circle in Figure 3-5, 
which is far away from tlie single/multi-mode cut-off boundary line.
TEio
r=0 .30
TEo, 
r  “  0.30
(a) (b)
Figure 3-7: Calculated intensity distribution of (a)TEio and (b)TEoi modes when reference 
waveguide etch depth is increase from 0.89pm to 1.05pm as indicated by a blue circle in Figure 
3-5, which is close to the single/multi-mode cut-off boundary line.
In order to have a better understanding the influence of waveguide widtli and etch 
depth on the single mode condition, we investigated tlie TE polarisation mode profiles 
at two distinctive locations in the SMC plot as indicated by tlie red and yellow chcles
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in Figui*e 3-5. Waveguide height was kept constant and observations were made when 
it deviated from our reference model which is indicated by the yellow circle. As 
expected when waveguide width is increased, the circle deviates and shifted upwaids 
from the reference model. Figure 3-6 indicates the calculated intensity plots for TEio 
and TEoi which are located fai" away (red circle in Figure 3-5) from both quasi-TE and 
quasi-TM single/multimode boundaiy lines. It becomes apparent that by increasing 
the waveguide width from our reference model of 1.0p,m to 1.5jim, higher order 
modes start to emerge in the waveguide stiucture. On the other hand, if waveguide 
etch depth is increased from our reference model of 0.89pm to 1.05pm as shown in 
Figure 3-7, the width to height ratio data will be shifted horizontally to the left (blue 
circle), which is very close to the transition line between single and multimode region. 
However with higher etch depth, the transition line for the quasi-TM single mode 
condition is situated faither from the quasi-TE tiend line compared to our reference 
model. This means that with proper fabrication conti ol of waveguide width according 
to our reference model, we can determine the single-mode operation for rib SOI 
waveguides.
3.2 3,3 Waveguide Height Influence
In order to consider tlie influence of guiding layer height (H) , SOI rib waveguides 
with an overall height of 1.00pm, 1.35pm and 1.50pm are analysed at a wavelength 
of 1.55pm, related to examples of design geometiies used in our previous work, such 
as silicon optical modulators [3.14], ring resonators [3.15] and waveguide based 
Bragg gratings [3.3]. By evaluating the TE and TM propagation constants for a series 
of waveguide widths and etch depth in terms of width to height ratio and parameter r, 
tlie single mode cut off boundary can be determined using the same approach applied 
in section 3.2.3.2. It is instinctive to plot the data associated witli parameter r in a way 
that is related to waveguide etch deptli (D). In the remainder of Üiis chapter, we adopt 
this approach as it clarifies some of the design issues.
Figure 3-8 and Figure 3-9 summaiise the data for both TE and TM polaiisations. Also 
included on these graphs aie the extrapolated single mode conditions from both Soref 
et al. [3.6] and Pogossian et al. [3.7], for reference. It is observed that the TE 
polaiisation reached cut off earlier than tlie TM polarisation, even though its effective
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index is higher than its counterpart. In addition, the simulation results suggested that it 
is not possible to fulfil Pogossian et a i  [3.7]’s strict design requirement for both 
polarisations and the rib waveguide height has little effect on single mode condition 
for TM polarisation as shown in Figure 3-9. Reducing the rib waveguide heights in 
effect, reduces the overall size of the rib waveguide; imagine that the mode under the 
rib is pushed downwards, leading to the weak lateral confinement of the mode in both 
polarisation. It is clear that neither of these design rules that are reasonable for large 
waveguides, are suitable for small deeply etched waveguides, when considering both 
TE and TM modes for the aforementioned guiding layer height. If we turn our 
attention to the design of birefringence free waveguides, we can also provide 
guidelines for achieving both single mode and birefringence free behaviour 
simultaneously.
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Figure 3-8: The boundary between single mode and multimode region for waveguide width to 
height ratio as a function of parameter r in quasi-TE polarised mode for various waveguide 
height operating wavelength X, = ISSOnm.
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height ratio as a function of parameter r in quasi-TM polarised mode for various waveguide 
height operating wavelength X = ISSOnm.
3.2.4 Zero Birefringence
The increased polarisation dependence in small waveguides is derived from the 
increasingly differing mode shapes of the quasi-TE and quasi-TM modes. The 
question arises as to whether the prime concern is to maintain similar losses for the 
TE and TM modes or to provide similar propagation constants in order to maintain 
similar phase performance for interferometric based devices, because it is not 
generally possible to maintain both. In principle, waveguide birefringence can be 
removed by appropriate choice of rib waveguide width to height ratio [3.9] or by 
employing stress engineering [3.17] to tailor the thickness of SiO] for polarisation 
compensation. Similarly, as discussed above, it is also possible to design a rib 
waveguide supporting only a single mode with an appropriate selection of the rib 
width and height [3.10]. The degree of influence of waveguide width and etch depth 
on waveguide birefringence for a given rib height is demonstrated by further 
simulations here. Once again we have used rib waveguide heights of 1.00|i,m, 1.35|im 
and 1.50p,m, and have evaluated the effective indices of the fundamental quasi-TE 
and quasi-TM modes. If we assume an operating wavelength of 1550nm, we can
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Figure 3-10: Effective index difference calculation between quasi-TE and quasi-TM polarized 
modes using the FEM [3.12], for waveguide heights (a) l.OOpm (b) 1.35pm (c) l.SOjLim
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produce a graph of the variation of the quasi-TE/TM fundamental mode effective 
index difference (AN = Nte - Ntm) for various etch deptlis (D) and waveguide widths 
(W).
Figure 3-10 (a), (b) and (c) show various curves of waveguide width against effective 
index difference, each for a different waveguide height. By using an appropriate etch 
depth for each waveguide height, the curves cross the zero birefringence (ZBR) axis 
twice when the effective index of botlr polarisation modes is the same, which 
indicates it is possible to produce birefringence free waveguides of two different 
waveguide widths when a deep etch depth is employed (r < 0.5). The wider 
waveguide width is highly preferable compared to its narTower counterpart when we 
consider that the wider devices will result in more flexibility dming fabrication and 
optical coupling. If we consider H  = l.SOjim, D = 0.90 |tm, the birefringence free 
waveguide widths, W, can be determined from Figure 3-10 (c) as 0.90pm and 
1.05pm. If we now introduce an etch depth uncertainty of lOnm, we see that the latter 
width is more desirable as the impact of the uncertainty on change in birefringence is 
reduced from 6.03x10^ to 3.28x10''^. The same trend can also be observed in Figure 
3-10 (b) and (c). The study on etch control of silicon in a 0.13pm CMOS process 
technology has determined experimentally [3.20] that the etch depth tolerances are of 
the order of ±1% to ±2%. Therefore, if we consider a 1pm etch deptli to form an SOI 
waveguiding structure, the tolerance will be of the order of ±10nm. As process 
technology moves to the next generation beyond the critical dimensions (CD) of 
90nm, following tlie International Technology Roadmap for Semiconductors (ITRS) 
[3.21], the reactive ion etching (RIE) process control will be improved and continue to 
be driven by die CD requirement of advanced lithographic processes. However, most 
optical devices made from silicon are likely to have CD of hundreds of nanometers 
for the foreseeable future, which means that the infrastructure aheady exists for the 
next several generations of optical circuits, if  they are fabricated in silicon.
A gradual increase of the etch depth is also used in the simulations to show the 
influence of etch depth on the modal birefringence. The result shows that at laiger 
waveguide widths, waveguide etch depth has little effect on die mode birefringence 
because the quasi-TE mode (horizontal polarised mode) is well confined under the rib
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region. However, at smaller rib widtlis, tlie etch depth has a large influence on 
birefl'ingence. It is clear' that in each of the plots in Figure 3-10, the curves have gone 
through three transitions. For large waveguide widths, tlie quasi-TE mode effective 
index dominates as most power is confined under the rib region, this makes the device 
exhibit slab-like behaviour, allowing higher order modes to couple to the slab region. 
As the width is reduced gradually, the effective index of the quasi-TM mode becomes 
similar' to that of the quasi-TE mode and then die effective index difference can 
become negative. When the waveguide width becomes very small, most of the mode 
power will again be confined under die slab regions, and as a result the quasi-TE 
mode effective indices once again become higher than diose of the quasi-TM modes. 
To confirm the tr ends of the data in the simulations, waveguide bir efl'ingence for etch 
depth of 880nm in Figure 3-10 (c) have been computed by the full-vectorial finite 
element method (FEM) [3.12], finding good agreement with results produced by 
BPM, as shown in Figure 3-11.
0.009 -I 
0.008 — 
0.007 -  
0.006 -
0.005 -  
0.004 -  
0.003 -  
0.002 -  
0.001 -
0.000
Waveguide etch depth 880nm
 BeampProp
■ FEMLAB
0*7
—T-
0.8
“ 1 ' 1—
0.9 1.0 1.1
-T—
1.2 1.3 1.4
Rib waveguide width (pm)
Figure 3-11: Comparison of numerical simulation results for waveguide birefriengence in 
FEMLAB [3.12] and BeamProp [3.11] for waveguide etch depth of 880nm.
Drawbacks associated with small waveguide geometries are that it is difficult to 
fabricate such devices accurately, and it becomes difficult to couple light efficiently
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into the waveguides. Although computer simulations enable us to generate detailed 
designs of rib waveguides with polarisation independence, we must take into account 
variations in the fabrication process such as etch depth uniformity, etching profile and 
CD as well as process control of waveguide widtli. Real-time in situ monitoring of 
micro-electro-mechanical systems (MEMS) using deep RIB processing has been 
demonstrated [3.22] in high aspect ratio etching in SOI wafers. Process variables in 
RIE also have been studied extensively in [3.23]. Both approaches are nondestructive 
and provide real-time process analysis. Hence, this will lead to improved process 
accuracy and controllable process repeatability. If we now plot the locus of tlie points 
in Figure 3-10 that cross the zero birefringence axis, we observe similar' trends for all 
three rib waveguide heights. We have also added simulated zero birefringence data for 
waveguide heights o f H =  1.20jxm, 1.75[im and 2.00p.m.
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Figure 3-12: Etch depth influence on waveguide width in SOI structure to support zero 
birefringence for various waveguide heights at A = ISSOnm, reflecting the etch depth tolerance 
requirements in relation to process technology.
This is shown in Figure 3-12, where we plot etch depth against waveguide width for a 
variety of waveguide heights, and fit with 2"^  order polynomial. We note that there is 
a minimum etch depth (D„,in) for each waveguide design, which must be matched to a
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specific waveguide widüi if  the polarisation independent condition is to be met. 
Hence, we can use this data to predict the rib waveguide width and etch depth needed 
for polarisation independent operation by assuming that the relationship between D,nui 
and waveguide height is linear. This relationship can be expressed by the following 
approximate equation after linear regression fitting of simulation data, for waveguide 
heights, H < 2p,m:
n  =0.06x10-^+ 0.556^ (3.33)
This finding is pai'ticulaiiy useful to aid the design of waveguides meeting the 
requirement of polaiisation independence. The low curve gradient at the minimum 
etch depth depicted in Figme 3-12 also makes tlie minimum etch depth a good choice 
from a fabrication perspective, because the impact of the tolerances of the etching 
process is minimised.
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Figure 3-13: Minimum etch depth to waveguide height JÏ) ratio and parameter r plotted as 
a function of waveguide height. This relationship indicates the requirement of minimum etch 
depth tolerance to achieve zero birefringence increases as the waveguide height is reduced.
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It is also interesting to note that as a proportion of the waveguide height (Dtmn/H), the 
minimum etch depth increases as the waveguide height is reduced, which in turn 
means that for smaller waveguide height, the smaller the maximum value of 
parameter r becomes and a higher etching tolerance must be satisfied to maintain the 
zero birefringence condition. For instance, an etch depth error of lOnm will introduce 
a modal bkefringence difference of 3.2x10 '^  for H  = 1.50pm compared to 2.7x10'^ for 
H = 1.00|im. This is clearly illustrated in Figure 3-13 and can be expressed as:
0.06x10-^+0.55677
'm a x  ^  u  T J
"  ^ ^  (3.34)
where /max is the maximum parameter r related to minimum etch depth requirement to 
satisfy waveguide birefringence free.
3.2.5 Satisfying Single-mode and Zero Birefringence 
Conditions Simultaneously
Altliough the requirements for zero birefringence (ZBR) and single mode condition 
(SMC) can be met using appropriate rib design, so far* in this chapter, both 
requhements have not been presented simultaneously when small waveguide 
dimensions are considered. We have combined the single mode condition for quasi- 
TE and quasi-TM modes (H = 1.00|im , 1.35jxm and 1.50|Lim) together with zero 
birefringence curves to demonstrate that both conditions can be met under certain 
conditions. Unlike other authors, we have presented the data in terms of the absolute 
waveguide dimensions radier than using normalised values of W/H ratio and 
parameter r, because this provides a clearer indication of the design problem. All the 
data points which cross the zero birefringence axis in Figure 3-12 were used in Figiue 
3-14 and Figure 3-15 in terms of waveguide width (W) and etch depth (D), to plot a 
locus of the birefringence free condition for varying waveguide dimensions. This data 
is now used to show the relationship between single mode operation and birefringence 
free operation and the possibility of satisfying both conditions simultaneously.
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Simulation data of waveguide heights, H  = l.Ojim, 1.35|im and 1.50|am are again 
used. Experimental results of [3.18], in which the device exhibits low polarisation 
dependence and supports only a single mode give us confidence in oiu’ numerical 
results. Figure 3-14 and Figure 3-15 (a)-(b) show plots of both tire single mode 
condition and the birefringence free locus for each of the three waveguide heights. 
These figures suggest that it is possible to achieve single mode operation at both 
polarisations whilst maintaining polarisation independence for each of the waveguide 
heights used. In order to satisfy both the requirements of single mode operation and 
polarisation independence, we must choose a point on the birefringence free locus that 
is below the single mode boundary for both quasi-TE and quasi-TM modes. However, 
it should be noted that the bend lines are approximate because they are the result of 
curve fitting, and therefore, for a specific design, data points should be used instead of 
the trend lines.
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Figure 3-14: Trend and boundary lines for single mode cut-off dimensions and zero birefringence 
condition as a function of waveguide dimensions for an operating wavelength of A, = ISSOiim for 
H = 1.00pm.
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Figure 3-16: Waveguide geometries that exhibit single-mode and birefringence free behaviour 
simultaneously for waveguide heights, f f  = 1.00pm, 1.35pm and 1.50pm at design wavelength of 
= 1550nm
The design mies for the single mode condition a =  0.3 [3,6] and a =  0 [3.7] were also 
exhapolated for compaiisoii with oui" numerical simulation. It is interesting to note 
that the intersection between the birefringence free locus and the quasi-TE graphs 
determines the limit of the waveguide width to guide not only the fundamental quasi- 
TE mode, but multiple quasi-TM modes. For instance, the maximum values of rib 
widüi (W) are 0.77pm, 0.98pm and 1.05pm for waveguide heights (H) of 1.00pm, 
1.35pm and 1.50pm respectively, to satisfy the quasi-TE single mode condition and 
the birefringence free condition. However, if  we also wish to satisfy the single mode 
condition for quasi-TM polarisation, narrower waveguides are requhed. In this case 
the waveguide widths must be 0.52pm, 0.83pm, and 0.92pm respectively.
The crossing points for the two polarisations between the bhefringence free condition 
and both single mode boundar y lines are closer to each other as the waveguide height 
is increased. Hence it is easier to satisfy both conditions for waveguide heights of 
1.35pm and 1.50pm compared to waveguides with a height of 1.00pm or less in the 
context of fabrication tolerance. As the etch depth (Z)) increases (or parameter r
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decreases), the waveguide width must also be reduced to maintain only single-mode 
operation for a designated polarisation. This can be observed for all the ZBR data 
points below which the quasi-TM boundary line intersects tire zero birefringence 
locus plots in Figure 3-16. These results of the SMC and the ZBR curves give us 
confidence in the possibility to achieve SOI waveguides satisfying both requhements, 
as requhed in many applications. However, in some cases the relevant requhement of 
the waveguide width may be too narrow for fabrication purposes and impractical 
when coupling light into the small waveguide structure.
3.2.6 Design Guidelines for Small Cross Sectional SOI 
Waveguides
The single mode condition for these small waveguides with deep etch depth (r < 0.5) 
is effectively limited by the boundary condition set by the quasi-TM mode. We have 
produced a generalised equation in terms of waveguide dimensions, using the 
shnulation data already presented and following the notation used in [3.6]:
H  VÎZ7
(3.35)
0 .3< r <0.5 and 1 .0<iZ<1.5
It is interesting to examine the usefulness of the above approximate equation by 
comparing with experimental SOI devices. Following the approach given in reference
[3.7], we have compared the experimental results from Rickman et at, [3.18] who 
experimentally investigated the dependency of waveguide geometries supporting only 
fundamental mode operation, to our' approximate equation, even though tire results of
[3.7] are based upon waveguides much larger than those simulated in this paper. We 
have adopted tliis approach because there is insufficient experimental data in the 
literature to compare and study with our modelling, to unequivocally confirm our 
design rules. However, our' simulation results were in reasonable agreement with the 
experimental observations for waveguide height of 4.3p,m, even for large etch depths 
[3.18]. We can obser've from Figure 3-17 that, in contrast to the boundary prediction 
of both Pogossian et al. [3.7] and Soref et al. [3.6], equation (3.35) marks a clear'
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separation between the boundary of single and multi-mode regions over a large range 
of etch depth and rib width values, giving us additional confidence in the equation.
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Figure 3-17: A comparison of our design equation for small cross section SOI waveguide with 
different design rules in the literature together with experimental observation for large 
waveguide dimensions from [3.17],
3.2.7 Waveguide Design Summary
We have systematically analysed the design par ameters of rib waveguide structm*es to 
satisfy both the single mode and polarisation independence conditions for small cross 
section SOI waveguides. The requhement of bhefiingence fiee waveguides can be 
fulfilled by using a deep etch depth when using small cross sectional waveguide 
dimensions; it is more restrictive to design waveguide dhnensions to achieve single 
mode operation and polarisation independence simultaneously. Not smprisingly the 
scalar* approximation is accurate enough to design single mode waveguides witli large 
cross section for r > 0.5, in agreement with results in [3.6] and [3.8]. However, for 
deeply etched, small waveguides the situation is more complex. We have proposed 
approximate design r*ules for small waveguides, but for critical designs, individual 
design simulations should be used to achieve single mode and birefringence fiee 
operation simultaneously.
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3.3 Bragg Gratings Theory
3.3.1 Coupled Mode Theory
A Bragg grating is formed by creating a periodic corrugation or refractive index 
modulation in an optical waveguide. Such a sti'uctuie behaves as a wavelength 
selective filter, reflecting a narrow band of wavelengths while transmitting all other 
wavelengths.
=  0
. AT = 0 
X = —a
G uiding layer «2
S ubstra te
Figure 3-18: Schematic diagram of a uniform surface corrugated periodic on a waveguide.
Figme 3-18 illustrates typical Bragg giating fabricated in an optical waveguide. 
Although Bragg gratings aie commonly imprinted in photosensitive optical fiber, 
physically pattern gratings in waveguides offer a number of advantages. One can 
build Bragg gratings in non-photosensitive material such as silicon. In addition, 
integiated gratings can contain precise phase shifts and vaiiations in giating stiength 
to better achieve a desired filter response. Furthermore, die fabrication process can 
integiate multiple grating with splitters, couplers and other optoelectronic components 
on a single chip.
The Coupled Mode Theoiy (GMT) is often used as a technique for obtaining 
quantitative information about the diffiaction efficiency and spectral dependence of 
waveguide based giatings. Due to its simplicity and accuracy in modelling the optical 
properties of most fibre gratings, CMT becomes one of the popular* metlrods of 
explaining the behaviour of Bragg gratings. Although the coupled mode theory was 
initially developed for fibre gratings, the same principles could be applied to
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waveguide giating width smface cormgation as shown in Figure 3-18. The examples 
of the application of such structures include distributed feedback lasers [3.24] and all 
optical filters for WDM systems [3.25]. The derivation of coupled mode theory 
equation closely follows the work by Erdogan [3.26] and Othonos et a l  [3.27]. We 
start by writing the transverse component of the electric field in the ideal mode 
approximation to coupled mode theory as a superposition of tire ideal modes (the 
modes in an ideal waveguide where no giating pertiuhation exist).
E ,„ [4 „ ( ï)e x p (!A « )  + S„,(^)exp(-jÆ z)]e/(;t,3>)exp(-!û*)
where the coefficient (z) and are slowly varying amplitudes of the mth
mode travelling in the +z and - z  directions, P  is propagation constant and 
(x,y)the transverse mode field. The derivatives of the amplitude coefficient 
terms of propagation in z-dhection can be expressed by [3.26]:
in
^  .4, (C%,. + C \ „  ) exp[,-(>3, -  Æ  ) z]
+Z -  C \,„) expH (;5, + p j z ]
^  A, -  C \,„ ) exp[/(y?, +  A„ ) z]
- C \ j e x p H ( A , - A J z ]
(3.37)
(3.38)
where the transverse coupling coefficient between the m and q modes in the 
above equations is given by the following integral:
(3.39)
where A e(x ,y ,z )  is the permittivity perturbation. The longitudinal coupling 
coefficient is defined in a similar* way to the above transverse coupling
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coefficient . The Bragg grating will create a coupling between optical waveguide
modes and grating regions wherever the difference between their propagation constant 
is equal to:
(3.40)
where A is the grating period and I represents an integer. Equation (3.40) is well 
known as phase matching condition; when tliis condition is satisfied, the qih and mth 
mode will be resonantly coupled via die /th Fourier component of the periodic 
perturbation A f ( x, y , z ) [3.28].
2^Let us assiune that the period A  of the pertuihation is chosen so that Z— = for
some integer /. The phase matching condition can thus be satisfied by the coupling 
between the mode Pq and its reflected mode which has a propagation constant of ~Pq^
sincQP^-(-P^^ = ip^ If we consider a waveguide with grating section of
length L as in Figuie 3-18; a wave with amplitude A(0) is incident from the left on the 
giating section. The boundaiy conditions are A(z) = A(0) 2i i z ~  0 and B{z) = 0 dXz = 
L, we obtain the following the expressions for mode amplitudes [3.28]:
i—AfizA(z) = A(0)e -
B(z) = A(0)e ^
where s and A p  are given by:
-AaPz
s cosh s{L - z )  + i^  A p  sinh s(L -  z)
s cosh 5L + Z—sinh sL 2
- i  jc  ^sinh s ( L - z )
s cosh a-L + Z—sinh sL 2
(3.41)
s = Jrc* /c- ■AP (3.42)
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2jt
X (3.43)
by substituting equation (3.43) into (3.42), we get
s = J/fr*rc- / ■ - ' f (3.44)
with S(i being the tuning from the resonant coupling and k is the grating coupling 
strength.
= 27uneff
n  
A 
1 1
X Z
(3.45)
Tliis gives the Bragg condition for tlie gratings:
(3.46)
where I =1, representing order Bragg grating. The fr action of power coupled to the 
backward propagating mode (-/^) is called the mode reflectivity is defined as:
R = B(0)
A (0) (3.47)
After some derivation of equation(3.41), it can be expressed by:
R = re* S'sinh sL
s  ^cosh^ sL + sinh^ sL
(3.48)
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Under phase matching conditions Aj3 = 0 and k  = s, this lead to the reflectivity R 
reaches its maximum value according to equation(3.48):
r^nax = tanh \k:L\ (3.49)
where L is the grating length of the device and k  is the grating coupling stiength. In 
order to demonstrate the effect of both paiameters on the overall spectial response of 
the grating, the reflectivity for a periodic rectangular profile grating is computed.
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Figure 3-19: Reflection spectral responses versus wavelength for uniform Bragg gratings on SOI 
waveguide with etch depth of 0.22pm and grating length of 400pm and ISOOpm.
Figure 3-19 shows the reflectivity of a uniform Bragg giating calculated from (3.48) 
for grating length of 400 p.m and 1500p.m as a function of operating wavelength. It 
was assumed that the grating etch depth of 0.220pm is constant, hence the grating 
strength, k  is the same. It is interesting to note that for a given kL  with increasing 
number grating period or length, the reflectivity bandwidtli becomes narrower, in 
other words, longer gratings produce naiTower spectial linewidth. The magnitude of 
the giatings induced refractive index changes can be controlled using different etch 
depths imposed on the waveguide structure. Furthermore, the Bragg gratings can be 
configured as a naiTowband transmission or a reflection filter depending on where the 
output or input signal path is collected fr om such devices.
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3.3.2 Floquet-Bloch Theory
Most of the simulations of Bragg gratings that have been reported have been carried 
out by using the coupled mode theory (CMT) which involves the study of the grating 
as a mode coupler [3.29]. This method gives an approximate evaluation of the losses 
as induced by the presence of the grating and is limited to weakly coupled waves. It 
has been shown that the leaky mode propagation (LMP) [3.30, 3.31, 3.32] derived 
from Floquet-Bloch Theory (FBT) offers some significant advantages in terms of very 
low computational time, absence of any a priori theoretical assumptions and 
capability of simulating the actual behavior of the device as a reflector. In this section, 
the leaky mode propagation (LMP) approach is reviewed and the analysis is applied to 
one dimensional (1-D) finite waveguide periodic structures because high depth 
gratings are strong enough to be considered a one dimensional photonic bandgap 
structure [3.33]. The numerical results are presented for an optimum value of grating 
etches in 3"^  order Bragg grating structures in SOI.
* • 0
Guiding Layer
Substrate
Figure 3-20: Schematic diagram of a finite length periodic structure on homogeneous planar waveguide
A guided mode Yi, incident at z = 0 on the grating region from the unperturbed planar 
waveguide, “sees” the second grating interface at z = L, where L is the grating length, 
and produces a number of diffracted orders depending on the vectorial phase 
condition:
 ^= 0,±1,±2,±3,... (3.50)
where and y^ t^he propagation constant vectors of q-\h diffracted and incident 
waves respectively. K=2k/A is the grating vector module and A is the period of the
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giating. In general, tiie incident wave will exchange power with a number of 
diffracted orders, depending on the giating properties, i.e. its strength (grating depth 
and groove index change) and its lengtli. It is well known tliat, in particnlai' for guided 
modes, different diffraction regimes can be encountered with Bragg condition as a 
function of the incidence angle (depending on the guided wavelength). In particular, it 
must be noticed that, being the grating vector K  along z, the Bragg condition of power 
exchange between forwaid and backward waves, i.e. between ^  and J3_^ , is perfectly
verified only if  the vector triangle is synmietiic and, then, the relationship can be 
expressed as:
A =  2N,^A (3.51)
where N f^f is tlie incident wave effective index. Moreover, this power exchange is
sh'ongly influenced by the asynchionism condition which occui's between each pah of 
coupled waves, e.g. tlie incident and the first diffracted order (^ = 0 or ^ = +1), the 
first and the second diffracted order (^ = +1 and q = +2), and so on. The asynchionism 
is measured by the difference between the effective indices of the coupled waves, i.e, 
between their phase velocities.
The power exchange will increase with decreasing this difference and the value will 
be maximised under a quasi-synchionous condition. This occurs when the grating 
strength is relatively moderate when its presence does not perturb significantly the 
guiding structure, and the propagation constants of the fundamental {n = 0) harmonic 
in both the unperturbed and perturbed structures are almost equal. Under this 
situation, the power exchange between the two guided modes (the incident mode and 
the mode inside the grating region) is maximum (approaching 100%) and the power- 
coupled to each of the other diffraction orders in equation(3.50) is negligible. It must 
be considered that die grating influence is moderate with respect to the planar 
waveguide characteristics. This means that the grating depth has to be small in planar 
waveguides with low field confinement but larger in diose with high confinement. 
Therefore, the model is particularly useful in high confinement structures, such as 
III/V semiconductor or silicon guiding structures. The model developed for finite 
length guided-wave gratings is based on the condition of quasi-synclironism for the
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calculation of the reflectivity and hansmittivity properties. The assumption is verified 
with high accuracy for sü'uctuies not heavily pertuihed by tlie giating when:
A p ip < \m o  (3.52)
Therefore this approach neglects the unguided waves which, under certain incidence 
angles can be excited by the interaction of the incident beam with the grating, causing 
power scattering in the semi-infinite regions -  upper layer and substrate, results in the 
reduction of guided power. Consequently, the incident wave produces only two 
guided waves, one reflected and the other transmitted, hi the grating region, the 
electi'omagnetic field can be described by Floquet-Bloch formalism as a superposition 
of guided leaky modes of the infinite stiuctiue [3.30] when each leaky mode is 
described as a sum of space harmonics /„ (jc) in the form:
Z  Gxp(-;&^z) (3.53)
Each one satisfying Maxwell’s equations and having their propagation constants 
related by tlie Floquet phase condition:
n = 0 ,± l,± 2 ,± 3 ,... (3.54)
where -  Pq~ joc is the zero order propagation constant and of > 0 is the mode
leakage factor. The field description as a superposition of leaky modes is valid if  the 
grating length is lar ger tlian the guided wavelength which is related to:
L = (3.55)
where the number of periods. The above equation indicates the minimum
number of period is very small > 2) for perfect matcliing since it
requires = 2 A . Inside the giating region, the solution is assumed as a linear'
combination of the two modes, one forward and the other backward:
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(3.56)
where the coefficients a:*, b* depend on the bonndai-y conditions at the finite grating 
input z = 0 and output z = L, interfaces and 'F is the mode transverse field distribution. 
If and'F„ are the propagation constant and the transverse distribution of the mode
incident on the grating fiom the planar' waveguide respectively, then the incident(0, 
refiected(r) and transmitted(r) modes can be wr itten as :
(3.57)
'P,(;c,z) = /7'P„(;c)e-.'^-'e* (3.58)
(3.59)
where p i s  the amplitude reflection coefficient and Tis the amplitude
transmission coefficient. Since no optical power is incident on the interface z = L (end 
of the grating section) from tlie unperturbed waveguide; it is possible to derive the 
grating reflection (p) and transmission coefficients (t) as a function of the overlapping 
integrals between the incident wave and the leaky mode space harmonics by 
combining equations (3.57) to (3.59), and the modal reflection and transmission 
coefficient can be expressed as :
(3.60)
T ,= \ r f  (3.61)
Subsequently, the out of plane losses can be evaluated as:
L ^ = l-R ^ -T ^  (3.62)
where is the Rp is the modal reflection coefficient and Tp is the transmission 
coefficient for the gratings.
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3.4 Characteristics of a Bragg Grating filter
3.4.1 Resonance Wavelength
As mentioned in equation(3.46), the Bragg wavelength is determined by the period of 
tlie Bragg gratings. Therefore for a given waveguide, the grating period for a desired 
Bragg wavelength, Ài can be expressed as:
A = (3,63)
where Ugff is the effective index of tlie waveguide mode (usually the fundamental 
mode) and m is the integer representing the diffraction order of tlie grating. The 
choice of diffr action orders used in the grating design highlights the trade-off between 
fabrication equipment capabilities and reflection grating performance.
3.4.2 Bandwidth
The bandwidth of the reflected spechum is detennined by both grating length and 
grating stiength which is related to the following equation [3.26]:
AÀ (3.64)
Where Sueff is the change in effective index induced by die grating and L is the giating 
length. For a weak giating modulation, due^ is very small, which results in term in 
equation(3.64) being negligible compared with the 2"^  term. Hence, the bandwidth 
can be simplified as:
where N  is the number of grating periods. From tlie above equation, we can deduce 
that the bandwidth of the reflection spectrum is directly inverse proportional to the
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giating length. For strong grating modulation, the 1®^ term is more dominant than the 
2"^  term, where tlie bandwidth can be simplified as:
In this instance, the grating length does not have a significant effect on the spectrum 
since the input signal has been reflected completely by tlie first several gratings 
section. The rest of the gratings will have no effect on the reflected spectrum. Hence, 
it is vital to consider the trade-off between the grating strengtli (grating etch depth) 
and the gr ating lengtli. A uniform distributed grating may exhibit high side-lobes in 
comparison with reflection spectrum, leading to increase cross-talk between 
wavelengths. Apodisation of the gr ating, that is changing the strength of the grating 
along the waveguide filter is usually employed in fibre grating to address this issue. In 
practise, the main lobe bandwidth and the level of side-lobes are strongly dependent 
on the profile of the grating apodization, and therefore proper selection and 
optimisation of the apodization function is necessary to achieve the desired level of 
side-lobes for a given bandwidth [3.34],
3.5 Summary
In this chapter the single-mode and polarisation independent conditions have been 
shown to be viable in small cross section SOI rib waveguides and the influence of 
waveguide etch depth parameters was discussed in relation to available fabrication 
technology. An approximate design rirles have been proposed for small waveguides, 
but for critical designs, individual design simulation should be used to achieve single­
mode and bhefrmgence-free operation simultaneously. The numerical simulation to 
calculate reflection spectrum of gratings have been discussed using Coupled Mode 
Theory and Floquet-Bloch Theory. CMT approach gives accurate results when the 
periodic perturbation is weak, and the refractive index profile and guiding layer 
thickness are very similar'. However, it may be difficult to estimate the radiation loss 
due to the periodic gratings in the CMT. The FBT is more complex but can be used 
for accurate calculation of the filed profiles and grating period of the grating filter for
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strong periodic perturbation. In FBT, the giating is assumed to be infinite in length 
(i.e. the length is much larger then the wavelength) leading to tlie number of spatial 
harmonies is infinite as well. In addition, the radiation loss associated witli the 
gratings can also be estimated using FBT. Treatments of the basic operating 
characteristics of an optical grating filter along with cmcial parameters such as 
resonance wavelength and bandwidtli have been reviewed.
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Chapter 4
It must be done, because we must do eveiy thing that is right. Matthew 3:15
4 Device Design
4.1 Introduction
Simulation is carried out to predict the behaviour of a device in advance of its 
fabrication or to quantify discrepancies between simulation and experimental results. 
The basic theory employed in the simulation will be used as a reference to compare 
with experimental results since device fabrication tolerance inevitably influences and 
affects the predictions of simulation. The simulation model is applied to a particular 
geometry and permits tlie designer to predict the behaviour of highly complex 
geometries. When the underlying tlieory is validated, simulation can also be used to 
provide data on device performance and observe changes in behaviour witli variation 
of geometrical or physical par ameters of the device model.
The objective of this chapter is to discuss design issues of integrated Bragg gratings 
on SOI waveguides. The simulated waveguide dimension that supports both single 
mode and polarisation independent as discussed in section 3.2.3 will be used as a 
waveguide platform to design waveguide bend and Y-junction which forms part of tlie 
grating filter. The integrated Bragg gratings were modelled by Coupled Mode Theory 
(CMT) and Floquet Bloch Theory (FBT) witli first and third order diffraction gratings. 
Description of these two modelling tlieories was given in section 3.3 The variation of 
grating parameters such as grating period, etch depth and grating length were also 
presented, all of which can affect the grating device’s performance significantly. The 
thermo-optic effect on the embedded SOI grating will also be investigated which has 
the potential of realising a tunable Bragg reflection filter.
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4.2 Waveguide Bend and Y-Junction
Figure 4-1; 3D schematic diagram of Bragg grating implemented on inverted Y-junction
U l.lum9pm
1.0mm 0 .5 m m
2.2pm
1.0mm
1.1pm
Figure 4-2: Top to down view of Bragg grating device with waveguide design parameters.
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Figure 4-1 and Figure 4-2 depict the 3D schematic layout (not to scale) and overall 
Bragg grating design par ameter of the inverted Y-junction. The design and integration 
the Y-junction with the Bragg grating will facilitate the ease of coupling from optical 
fibre and compactness of the device, leading to higher packing density in a chip. In 
tliis section, we will discuss the component design of the Y-junction, which consists 
of bead radii, waveguide splitter and taper.
The objective of designing a waveguide with curvature is to minimise radiation losses, 
transition losses and higher-order mode excitation between the straight and bend 
waveguides. It is well known that the modal mismatch between the modal profiles of 
the fundamental mode in curved waveguide and straight waveguides results in 
tr ansition loss, and excitation of higher order modes at the junctions between straight 
waveguide and curve waveguides. It has been proposed that transition loss, 5r/ can be 
reduced by offsetting the curved waveguide towards the centre of its curvature at the 
junction [4.2] related by the following equation:
(4.1)
where neff is the effective index of tlie fundamental mode, wo is the spot size, R is the 
bending radius and À is the operating wavelength. If the waveguide dimensions 
employed in the design are strictly single mode as discussed in section 3.2.3, Üiis will 
effectively reduce the potential of higher order mode excitation and complexity of the 
design problem. The presence of higher order modes can affect or even compromise 
the performance of integrated optic components such as a Y junction, star’ coupler or 
arrayed waveguide grating. Therefore, their waveguide dimensions have to be chosen 
to support strictly fundamental mode operation only.
Another dominant loss mechanism in curved waveguide is radiation loss. It arises 
from the transformation from a straight single mode waveguide into a bend str’ucture. 
When an electromagnetic wave travels along a waveguide with a constant bend 
radius, the wavefronts associated with the eigenmodes of the bent waveguide are
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curved. This curvature of the wavefront gives rise to radiation away from the 
waveguide core, in the case of SOI waveguides to the slab waveguide region. Melloni 
et at. [4.3] have introduced a detailed design of curved waveguide based on coupled 
mode theory with optimum bend radius and bend angle to minimise both radiation and 
transition loss. For a given bend angle, only a number of discrete bend radii can 
satisfy the criteria of minimal loss at the junction. The analytical solution presented by 
the authors is highly dependent on waveguide dimensions, hence for each different 
waveguide structure the optimum bend radius and bend angle must be considered 
individually. The Effective index method (EIM) [4.4] also has been used to estimate 
the radius of curvature of deeply etched rib waveguides in which the higher order 
mode becomes leaky and radiates away from the core of the waveguide to the slab 
region.
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Figure 4-3: Predicted TEqo and TMqo waveguide bend loss at A, = 1550nm)
Although this method has been successfully applied in designing bend radius of III-V 
rib waveguides, it is not suitable for waveguide system with high refractive index 
contrast such as in SOI waveguides. Our computation method of bend radius is based 
on application of semi-vectorial BPM to the deeply etched waveguide section as 
shown in section 3.2.3 based on an SOI rib waveguide width of 1.0pm, etch depth of
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0.89pm and height of 1.50pm. We then evaluated bend loss as a function of bend 
radius for both T E qo and T M qo polarisation modes, for bend angle of 15° at 1  = 
1550nm.
It is apparent tliat the simulation predicts that waveguide bend loss will be negligible 
for bends with radius greater than 500pm for both polarisations. The calculated bend 
radius with minimal losses is significantly smaller tlian the value of 4mm by Rickman
[4.5]. This is expected since oui* SOI waveguide dimensions are much smaller, and the 
modes will be proportionately smaller. For TEoo mode the loss may be greater as the 
lateral field is less well confined than for T M qo. In addition, our modelling does not 
include tlie side wall roughness [4.6] which will increases bend losses and scattering 
losses for both polarisations, altliough not by the same amount.
Figure 4-4: Schematic diagram shows a typical S-beiid structure
We can form S-bend structure shown in Figure 4-4 with two identical but opposite 
bend radius structure connected with a straight waveguides. The S-bend is commonly 
employed in directional couplers, power splitters and Mach-Zehnder interferometers 
(MZI). The Y-junction structure which we will be investigating essentially consists of 
two identical S-bends. In order to reduce the loss fiom modal mismatch and radiation 
loss caused by an abrupt tiansition of waveguide widtli [4.7, 4.8] from tlie 
combination of two waveguide bends, a width taper [4.9, 4.10] is used to form a 
gradual and smooth ti'ansition from a single mode waveguide to two single mode
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waveguide branches. Y-junctions operate through the coupling of local mode in the 
transition region of the Y where the single mode waveguide increases in width. The 
transition region extends to the point where the spacing of the two branch waveguides 
has grown to a dimension where the fundamental modes supported in each branch no 
longer couple. Various angle-bend and S-bend configurations have been considered in 
[4.11] to study the inter-modal power transfer and radiation losses at the 
recombination junction of the MZI. A similar approach can be considered in a BPM 
simulation to analyse the distribution of power, power splitting ratio and tapered 
region which connect both branch of the curved waveguides [4.12], providing a 
method of analysing characteristics of tapered rib waveguides. Whilst this has not 
been studied extensively here, a width tapered rib waveguide region which slowly 
increases in width from 1.1 jim straight waveguide to 2.2pm, 1mm in length was 
selected based on full-vectorial BPM as shown in Figure 4-5.
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Figure 4-5: BPM simulation of waveguide transition from taper region to Y-branch. The blue 
curve shows the overlap integral between fundamental mode and waveguide mode when wide 
angle BPM power monitor feature is turn on, whereas green curve indicated otherwise.
The power monitor graph suggested the power loss in the transition region is 
approximately 18% from its initial fundamental TE mode profile. The power monitor
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feature is based on the overlap integral between the fundamental TE mode and the 
fundamental mode of width tapered waveguide. Although the input straight 
waveguide supports only a single mode, as the width is increased gradually in z 
direction; higher order modes in the tapered region could exist and the simulation 
does not take this into account.
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Figure 4-6 Wavelength dependence of Y-junction designed for 50% power splitting ratio
Together with the SOI waveguide analysis of section 3.2.3 and width tapered rib 
waveguide, these techniques allow one to design a Y-junction with the desired power 
splitting ratio. However, these calculations can only accurately predict the power 
splitting ratio at one specific wavelength and for one polarisation state. If the 
wavelength and polarisation change, the eigenmodes of the waveguides also change 
and therefore so does the power splitting ratio. Figure 4-6 depicts the calculated 
power splitting ratio for a Y-junction waveguide with bend angle of 15° and bend 
radius of 1500pm, as a function of wavelength. This particular Y-junction was 
designed to have a power splitting ratio of 50% at a wavelength of 1550nm but over
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the span of 70nm the calculated ratio varies between 48% and 50% for quasi-TE and 
quasi-TM polarisation. The variation of power splitting ratio for both polarisation 
result from different modal confinement in the waveguide and losses associated with 
the width tapered region. Even in applications where the wavelength and polarisation 
are well defined and carefully controlled, small deviations or non uniformities in the 
fabrication process, material properties or device operating condition can significantly 
alter the power splitting ratio. Other researchers [4.12] have described the design of 
directional couplers which yield a power splitting ratio that is insensitive to 
wavelength, polarisation and fabrication parameters. Their approach utilises the 
relationship of high correlation between phase shifts of two cascaded couplers. By 
choosing appropriate phase shift via the thermo-optic or the electro-optic effect, the 
power splitting ratio can be compensated.
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Figure 4-7: FDTD simulation showing the power transmission (red and green curves) and 
reflection (blue curve) from the Y-junction.
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Figure 4-7 shows a simulation using the finite difference time domain (FDTD) 
method in [4.13] to calculate the power splitting ratio between the two branches of Y- 
junction and at the same time observe the possible back reflection resulting from the 
abrupt discontinuity of waveguides at the junction. The power monitor plot in Figure 
4-7 reaffirmed the BPM result computation where the power splitting ratio is 
approximately 44% and back reflection is negligible at 1% of die input power. The 
rest of the power was scattered and radiates away from junction where the waveguide 
starts to diverge.
The SOI waveguide dimensions which support both single mode and polarisation 
independence were then used to design a Y-junction structure. The analysis was 
carried out to predict the radiation loss and power splitting ratio of two branches of 
the Y-junction with various curvature of the bend radius with a given bend angle of 
15°. The power splitting ratio of two arms of the Y-junction varies for each 
polarisation and operating wavelength due to different optical confinement. In 
addition, the imbalance of the ratio may be caused by the losses in the tapered region 
between the straight waveguide and tlie bend structure. The back reflection was also 
found to be negligible compared to scattering of power resulting from the 
discontinuity of the waveguide where two waveguides starting to diverge.
4.3 Third Order Bragg Grating Filter
Bragg gratings are formed by introducing periodic surface conugation or periodic 
refractive index changes. The reflection Bragg grating can be considered as a one­
dimensional diffraction gr ating which diffracts light from the forward-travelling mode 
into the back travelling mode. The condition for diffraction into the reverse travelling 
mode is called the Bragg condition. Reflected travelling modes will interfere 
constructively at wavelengths where the phase difference between each of the 
reflections is an integer number of wavelengths. It will exhibit the characteristics of a 
wavelengtli selectivity filter, reflecting a narrowband of wavelengths when the Bragg 
condition is satisfied:
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m (4.2)
where Xb is the Bragg wavelength, A  is the period of the grating, Nejf is the effective 
index of the optical mode and m is the grating order. Generally, order Bragg 
gratings (m=l) aie usually implemented in waveguide material because the diffraction 
efficiency is strongest for fkst diffraction order. However, higher order diffraction 
grating can also be implemented to relax the required grating periods hence 
simplifying the fabrication process. Table 4-1 shows typical grating periods for silica 
and silicon waveguides at 1550nm. Based on equation(4.2), the spectral responses of 
the Bragg gratings can be customised with refractive index modulation via precise 
etch depth, period and order of grating.
Table 4-1: Bragg grating periods/I for Silicon and Si02 assuming free space wavelength of
ISSOnm
Material Si SiOz
Refractive Index 3.478 1.447
order Bragg grating Period 223nm 538nm
order Bragg grating Period 669nm 1.614|Lim
The realisation of Bragg gratings in Silicon-On-Insulator (SOI) waveguides offers the 
possibility to extend the functionality of integrated optics towards much more 
compact miniaturized devices. Its unique properties of high optical confinement and 
low losses in the order of O.ldB/cm [4.14] make SOI an attractive option as design 
platform for optical integrated chcuit. Bragg grating based devices have increasingly 
been employed in valions passive and active optical components such as tunable 
filters [4.15], optical modulators [4.16, 4.17] and narrow-band reflection filters [4.18, 
4.19]. The implementation of uniform submicron scale of order grating period over 
the length of waveguide increases the complexity and high cost of fabrication. This 
makes higher order diffraction grating in 3^  ^ order a very attractive alternative where 
fabrication tolerance is less stringent. The simulated SOI waveguide dimensions 
which operate in single mode regime and exhibit low polaiisation dependence in
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section 3.2.3 will be used as the waveguide platform for the grating design. This 
section is organised in the following order: it starts by investigating the grating 
parameters such as grating etch depth, grating length which will influence the 
reflectance, transmittance and bandwidth in the Bragg grating devices. Simulations of 
the grating device are based on Coupled Mode Theory (GMT) utilised by a 
commercially available optical simulator, GratingMOD and Hoquet Bloch Theory 
(FBT) coded in the MATLAB programming language by Passaro [4.20, 4.21]. Both 
computer simulations allow the comparison and prediction of the device 
characteristics of the designed device to be achieved using different numerical 
simulation approach.
4.3.1 Coupled Mode Theory (CMT)
Figure 4-8: 3D schematic layout of 3*^  order Bragg grating implemented on SOI rib waveguide 
with grating period of 680nm and grating etch depth of 220nm.
The most common way of analysing Bragg gratings is to use coupled mode 
formulations [4.22, 4.23]. The response of a grating can be calculated by treating it as 
a small perturbation which produces a coupling between the forward and backward 
modes of an unperturbed waveguide. However, it is important to note that a Bragg 
grating does not have eigenmodes in the same way that a waveguide does. Hoquet
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Bloch Theory can be used to understand the propagation of electi’omagnetic fields in a 
crystal lattice. The analysis of Little [4.24] has claiified the relationship between the 
Floquet analysis and the more simple coupled mode analysis. The topic of Bragg 
grating modelling theory is reviewed in chapter 3; only the numerical modelling of 
both aforementioned techniques and results will be discussed here. Using coupled 
mode theory, the reflection spectrum of a grating is derived with vaiiations of grating 
etch depth. It is shown tliat a properly designed grating can give a spectral response 
that matches the application of a grating filter.
In SOI waveguides, the periodic perturbation in the waveguide can be achieved by 
reactive ion etching (RIE) across the waveguide to modulate the effective refractive 
index (Neff). Figure 4-8 illustrates the schematic of Bragg grating devices considered 
in this work. It has been shown that high periodic modulation can be achieved by 
introducing deeply etched grating [4.25-4.28] but at the expense of increased 
scattering loss. From a lithography stand point, it is difficult to form a sub micron 
pitch grating with a grating width to depth ratio much lai'ger than 1:2, which 
conesponds to a maximum grating depth of about 200nm for silicon rib waveguides; 
without sacrificing the integrity of vertical grating sidewall. Therefore, most authors 
consider shallow grating etch with grating length in the region of multiple millimetre 
on their devices [4.18,4.19] to minimise potential scattering loss.
4.3.1,1 Grating Coupling Strength
Commercially available optical design softwaie GratingMOD [4.29] is used to 
facilitate grating simulation studied; the algorithm is based on the combination of 
CMT and the tiansfer matrix method. CMT is used to derive the governing equations 
based on orthogonal modes, while die transfer matiix method is used to solve the 
coupled mode equations. Detailed analysis of the CMT is discussed in chapter 3, 
therefore only numerical simulation results aie shown here. In chapter 3, we have 
derived the coupled mode equation to numerically compute the spectral response for a 
Bragg grating. The influences of grating etch depth on the bandwidth and overall 
spectial response of the Bragg grating is related to grating stiength (k ). By giving 
some numerical examples of 1®^ and 3^  ^ order Bragg grating implemented on SOI
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waveguide with variation of grating etch depth; we can predict the spectial response 
dependency on grating etch deptli. Numerical simulation by Murphy [4.30] showed 
that the grating strength can be expressed by the following equation for a rectangulai* 
grating profile:
where F has a value of less than 1 whereby it describes the overlap integral between 
the grating and unpertuihed waveguide region; m is the order of Bragg grating and D 
represents tlie duty cycle of the Bragg grating. We determined the grating strength 
relationship with duty cycle for vaiiations of etch depth using a semi-vectorial 
approach to calculate tlie overlap integrals between the grating and unperturbed 
waveguide region. Using this approach, we assume the transverse field components 
aie much bigger than the longitudinal field component and tlie latter aie considered 
negligible. If tlie unperturbed waveguide dimensions and material paiameters remain 
constant, equation (4.3) can be simplified as:
^  (4.4)
mTV
hi Figure 4-9, we plot tlie grating stiength and length product as a function of duty 
cycle for various grating depths for quasi-TE and quasi-TM polaiisation on SOI rib 
waveguides with 200]J,m grating length. The grating stiength is symmetiical at duty 
cycle of 50%, which can be observed at both plots. There is also polarisation 
dependence for the grating strength calculation for TM polaiisation, where the data is 
substantially smaller than its TE polaiisation counterpart for the same grating etch 
depth and duty cycle. Utilising deeper grating etch will result in higher modulation 
depth, leading to the increase of grating strength according to equation(4.4). However, 
this will inevitably cause the designed Bragg resonance to shift to lower wavelength 
due to the strong effective refractive index modulation by the surface corrugation as 
proposed by Ctyroky [4.26].
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Figure 4-9: Calculated grating strength and length product against duty cycle for SOI rih 
waveguide in (a) quasi-TM and (h) quasi-TE polarisation. The grating etch depth range from 
50nm to 250nm for T“ order Bragg grating.
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Wiesmann et a i  [4.31] have overcome this problem by adjusted the grating period 
along the grating length to compensate the Bragg resonance wavelength shift. 
Alternatively, Bradley et al. [4.32] conducted a systematic experiment to control the 
fabrication tolerance of the Bragg grating period constant to ±0.04nm over the 
majority of the exposed wafer. This study has an enormous impact on improving the 
grating period uniformity and hence the yield of the devices.
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Figure 4-10: Comparison between quasi-TE and TM polarisation coupling strength as a function 
of duty cycle of the grating period with different grating depth; assuming free space wavelength 
of ISSOnm and first order diffraction grating.
It is instructive to evaluate the grating strength of 3*^  ^ order Bragg grating in a rib 
waveguide in comparison to that of a 1*' order of Figure 4-9 (a) and (b). In 3”^ order 
diffraction Bragg gratings, the periodic modulation is created by increasing the 
grating period while maintaining the Bragg resonance wavelength according to 
equation (4.2) but at the expense of lower reflection coefficient. Figure 4-11 (a) and 
(b) show the relationship between grating strength and grating duty cycle for 3^^^ order 
Bragg gratings on SOI waveguides for TE and TM polarisation. Notice that strongest 
grating strength occurs when the duty cycle is 50% whereas the lowest is 
approximately at 30% and 70% for both polarisations.
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Figure 4-11: Calculated grating strength and length product against duty cycle for SOI rib 
waveguide in (a) quasi-TE and (b) TM polarisation. The grating etch depth range from 50nm to 
250nm for 3‘‘‘‘ order Bragg grating with 684nm grating period.
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This sinusoidal-like relationship for 3^  ^ order Bragg grating differs significantly from 
1®^ order results shown in Figure 4-9 even though both show symmetry at duty cycle 
of 50%. From the numerical simulation, we can choose duty cycle and grating etch 
depth for the Bragg grating to maximise the mode overlap integral between the 
grating region and the unperturbed waveguide. It is difficult to keep the grating period 
uniform across a long grating length without introducing giating period variation 
[4.32], which in turn might cause Bragg resonance wavelength shift and potentially 
render the grating device useless. Hence, the fabrication technique and available 
facilities in the laboratory will play a major role in determining tlie choice of grating 
length implemented on the SOI rib waveguide structure.
4.3.1.2 Grating Reflectivity and Grating Length
The reflection spectium of the Bragg gi'ating can be expressed and related to the 
product of k L  [4.30] as:
(4.5)
For instance, Figure 4-12 show the spectral response of 3“* order Bragg grating on 
SOI waveguide witli period of 684nm and grating etch depth of lOOnm with 
increasing grating length (500 p,m, 1000 p,m, 2200 p,m and 4400p,m), grating 
paiameters were kept constant in the CMT calculation in order to preserve the 
resonance Bragg wavelength and coupling stiength (k) to show the influence of the 
grating reflectivity and grating length in equation (4.5). Wlien the k L  product is 
smaller than 1, the reflection spectrum of tlie Bragg grating can be chaiucterized by a 
sinc-like response curve centered at Bragg resonance condition, whose bandwidth is 
inversely proportional to the grating length.
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Figure 4-12: Calculation of reflection spectral response of 3’^ ' order Bragg grating with grating 
period of 684nm and grating etch of lOOnm with increasing grating lengths.
For gratings where the product kL is greater than 1, the spectral response has a 
plateau-like response and high reflectivity in the stop band at its resonance 
wavelength. Beyond the stop band, the spectral response shows a series of side lobes, 
which decay rapidly as it moves away from the Bragg condition. The maximum 
reflectivity, Rmax essentially is determined by the grating coupling strength and grating 
length. However, as the calculation in Figure 4-12 predicted the shape of spectral 
response and bandwidth being influenced by the increasing grating length when the 
grating etch depth remains constant.
With the gradual increase of grating length, the peak reflectivity rises close to the 
value of 1 and side lobes shift closer together. In this section, we show that the 
spectral response of Bragg gratings is dependent on grating length and grating 
coupling strength. It will be useful to relate the maximum reflectivity achievable for 
various grating etch depths and compare with and 3"^  ^ order of Bragg gratings. 
Figure 4-13 and Figure 4-14 plot the calculated reflection as a function of grating 
length for various grating etch depth in two different orders (1®' and 3" )^ Bragg 
gratings in SOI waveguide structures, for quasi-TE polarization.
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Figure 4-13: Power reflectivity plotted as a function of grating length for 1*‘ and 3"* order Bragg 
grating with grating depth of lOOnm and 140nm using CMT approach at Ao = ISSOnm.
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Figure 4-14: Power reflectivity plotted as a function of grating length for 1** and 3"* order Bragg 
grating with grating depth of 200nm and 220nm using CMT approach at Ao = ISSOnm.
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Note that order Bragg grating can achieve reflectivity close to 1 with relatively 
short length compared to their 3"^  ^order counterpart. This means that smaller and more 
compact grating devices such as add/drop filter [4.34] can be realized but at the 
expense of more complex fabrication of grating period of the order of 228nm.
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Figure 4-15: Power reflectivity versus grating length for 3rd order Bragg grating with various 
grating etch depth candidates of our grating design in quasi-TE polarisation using CMT
approach at Xo = ISSOnm.
Although the implementation of higher order grating is preferable due to relaxation of 
fabrication tolerance, the integrity of uniform grating periods and constant etch depths 
across the grating length have to be maintained to realise highly efficient grating 
filters. The fabrication issues associated with realisation of grating filters will be 
discussed in chapter 5. The selection of the grating length and etch depth for our 
Bragg grating devices is based on the practical realization of the device with available 
facilities. We will fabricate a series of short (<200p.m) and long (>500p,m) 3^*^ order 
grating on SOI waveguide and compared the theoretical calculation of CMT with 
experimental value. Figure 4-15 depicted the reflectivity as a function of grating 
length for various grating etch depth in quasi-TE polarisation. As described earlier, 
we chose a grating etch depth of 220nm (15% of overall waveguide height) in order to 
reduce the potential introduction of scattering losses caused by the non vertical 
grating etch. From a lithography stand point, it is difficult to form a submicron grating 
period while maintaining grating width to depth ratio (small lateral dimensions in
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comparison with their thicknesses) much larger than 1:2 as demonstrated by Aalto et 
al. [4.35].
4.3.2 Floquet Bloch Theory (FBT)
Coupled mode theory (CMT) is commonly used to design and predict the behaviour 
of grating structures such as the grating assisted directional coupler (GADC) [4.36- 
4.38]. This structure consists of a periodic grating structure located between two 
waveguides in close proximity which can lead to power transfer between the 
waveguides. In addition to CMT, the Transfer Matrix Method (TMM) approach uses 
mode matching techniques to determine power coupling and scattering in a GDAC 
[4.39]. However, both the CMT and TMM approaches are based on the assumption 
that the interacting modes are mutually orthogonal. These approaches predict the 
behaviour of the structure with higher accuracy when the periodic grating perturbation 
is weak (kL<1) and the coupled waveguides possess very similar refractive index 
profile and guiding layer thickness (quasi-synchronous condition).
Figure 4-16: Schematic diagram of a finite length periodic structure on SOI rib waveguide
The Floquet Bloch theory (FBT) has been used to analyse the radiation loss in GADC 
in terms of Leaky Mode Propagation (LMP) [4.40, 4.41]. This method is based on the 
expansion of the composite modes of the structure in an infinite number of space 
harmonics due to the presence of grating. The power carried by each harmonic is 
partially guided along the propagation direction and partially radiated in the external
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semi-infinite regions. The power exchange between each pair of space harmonics is 
governed by the Floquet theorem. A detailed discussion of FBT approach has been 
presented in chapter 3, therefore we only present numerical simulation of LMP [4.40] 
based on FBT approach to analyse 3^  ^ order Bragg grating structures in SOI 
waveguides with the application of two dimensional (quasi-3D) finite waveguide 
approximations. Figure 4-16 illustrates the schematic diagram of a finite length 
periodic grating structure implemented on top of the SOI rib waveguide.
4.3.2.1 Simulation of Modal Reflection
The LMP based on FBT is an attractive numerical simulation approach since it does 
not require any conceptual approximation and allows one to take into account all the 
physical phenomena [4.21] occurring when a wave propagates in a periodic layer, 
including the photonic bandgap (PBG) region and radiation region, where some 
power is radiated into the cladding [4.20].
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Figure 4-17: Convergence study of number of space harmonics in FBT calculation for reflection 
spectral response as a function of wavelength
We intend to evaluate the spectral response of the reflected and transmitted power 
based on the physical grating parameters, i.e., grating etch depth, grating length, duty
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cycle and waveguide dimensions. In the numerical evaluation, the infinite space 
harmonics must be truncated and an appropriate number of space harmonics should be 
carefully chosen to ensure sufficient accuracy of the calculation without any 
significant increase of computation effort.
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Figure 4-18: Leakage factor showed the convergence study of FBT using different number of
space harmonics.
A convergence study of different number of space harmonics used in FBT [4.43] 
suggested that propagation constants converge with increasing number of harmonics. 
When 9 space harmonics are chosen, the relative error of the propagation constant is 
predicted to be less than 0.01%. Before a detailed FBT study can commence, a study 
is required to ensure the number of space harmonics are sufficient and a brief account 
is given here. Figure 4-17 and Figure 4-18 show the reflection spectral responses and 
leakage factor of Bragg gratings evaluated for a number of space harmonics, either 7, 
9 or 11. The grating structure we considered is formed by SOI waveguide with small 
cross section where waveguide parameters are the same as in section 3.2.3 : nsi = 
3.477, nsi0 2  = 1.444, waveguide height H = 1.50|xm, waveguide etch depth D =
0.89|xm, waveguide width W = 1.00pm, grating period A = 0.687pm and grating 
length L = 500pm (728 periods). The inset of Figure 4-17 shows the close-up near the
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maximum reflectivity of the grating. It clearly shows tlie differences of Bragg 
resonance wavelength and maximum reflectivity for 9 and 11 space harmonics in our 
studies are witliin 0.03%. Therefore, 9 space harmonics are selected for our numerical 
evaluation in this section. When designing the optimum value of grating depth, we 
need to consider the tr ade-off between the etch depth and the designated lengtli of the 
grating device. From a fabrication point of view, it is desirable to fabricate short 
gratings with deep etching in order to avoid grating non-uniformity across the long 
grating length. However, deep grating etches on the device will increases the radiation 
losses into the substrate and upper cladding layer causes by the large refractive index 
discontinuity between tlie guiding layer and grating trench. The radiation loss 
associated with grating etch depth can be determined by the leakage factor in LMP 
simulations. This will be shown in the next section, hi order to select an optimum 
grating etch depth for oin device, we investigated the spectr al response of the 3"^  ^order 
grating by implementing a gradual increase of grating etch depth in the simulation to 
show its influence on Bragg wavelengtli shift and the maximum value of reflectivity 
iRmaù’ Figine 4-19 illustrates the calculation of power reflectivity |pp for grating 
length (500pm) in 3"^  ^ order grating periods with 50% duty cycles, rectangular 
profiles, and for grating etch deptli ranging from 50nm to 400nm. It is clear that Rmax, 
occmring at the Bragg wavelength, does not exhibit any increment when grating etch 
depth is gradually being increased. This is contrary to results predicted by CMT. 
However, Rmax does demonstrate an oscillating behaviour for order grating in SOI 
rib waveguide with small cross section. A detailed investigation of its oscillation bend 
will be discussed in section 4.3.3 for different values of waveguide width. The 
resonance Bragg wavelength of the grating structure depends on the Bragg condition,
i.e. grating period and mode effective index. If we assume tlie ideal condition 
whereby the grating period is constant during tlie simulation, the Bragg resonance 
peak is expected to shift to lower wavelengtli as a result of decreasing effective index 
by increasing grating etch modulation. From shallow grating etch deptli ranging from 
50nm to deep etch of 400nm, the computed Bragg wavelength shift spanned 20nm -  
almost covering half of the C band (1525nm-1562nm) range. It is clear that the Rmax 
of 80% can be obtained at 350nm of etch depth. The potential to control and shift the 
Bragg resonance condition through its dependence on effective index modulation by
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grating etch depth is an attractive solution to compensate irregular patterning in 
grating period definition. Bradley et al. [4.32] have developed a grating fabrication 
process in waveguides to control the shift of Bragg wavelength over a 10-20nm 
suitable for distributed Bragg reflector (DBR) laser array. With the development of 
RIE depth monitoring with real time capability [4.33], this has enhanced the 
fabrication process ability to accurately achieve the designated etch depth, hence 
minimise the effect of shifting in Bragg resonance condition from non-uniform 
grating period fabrication. The grating depth for the design is chosen to have a 
moderate depth of 200nm which constitutes 22% of total waveguide height in order to 
avoid high scattering losses associated with deep grating etches. In practice, the value 
of the selected grating etch depth is based on the availability of fabrication facilities 
and capabilities.
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Figure 4-19: LMP power reflectivity as a function of wavelength for 3"* order (687nm) Bragg 
grating on SOI rib waveguide with variation of grating depth at A«= ISSOnm
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Figure 4-20: Comparison of 3'^ '* order Bragg grating spectral response using LMP approach for 
grating etch depth of 200nm and 220nm with grating period of (a) 687nm (b) 690nm at TE 
polarisation operating at Xo = ISSOnm.
Figure 4-20(a) and (b) show the computed spectral response of Bragg grating of etch 
depth 200nm (22%) and 220nm (24.4%) for different grating periods of 0.687pm and 
0.690pm at Xo = 1550nm for rectangular grating profile. The condition of maximum 
reflectivity {Rmax) occurs only where the Bragg condition between the incident wave 
and the third order space harmonics is perfectly specified. The inclusion of differences
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in grating etch depth and grating period in the simulation were intended to take into 
account of variation of etch depth control and variation of Electron beam lithography 
width definition. The result evaluated by the LMP approach shows the Bragg 
wavelength shifted 2.4nm to a shorter wavelength when the difference of grating etch 
depth of 20nm is being considered. The full width at half maximum (FWHM) 
bandwidth for the 0.687pm grating period is 0.814nm for the 200nm grating etch and 
2.452nm for the 220nm grating etch; while the 0.690pm grating period exhibits a 
similar increment of 3 times in bandwidth of 0.9nm for 200nm grating etch and 
2.429nm for 220nm grating etch. The influence of grating depth and duty cycle in the 
spectral bandwidth can also be observed in all the simulations.
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Figure 4-21: Reflectivity Spectral responses of 3^ order Bragg grating (A = 687nm) for grating 
duty cycle of 50% and 60% and grating etch of 200nm at = 1550nm
Figure 4-21 shows the strong dependency of FWHM bandwidth of a 3"^  order Bragg 
grating response with etch depth of 200nm when duty cycle (DC) changes from 50% 
to 60%. It can be noted by changing the grating duty cycle from 50% to 60% while 
maintaining the grating depth and period, the bandwidth of FWHM is increased from 
0.782nm to 2.525nm. The DC induced Bragg wavelength shift was predicted to shift 
2.1nm to a longer wavelength. The increase of duty cycle tends to reduce the 
influence imposed by other grating parameters such as etch depth and grating period.
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All the simulation results of 3^  ^ order Bragg grating show a completely different 
behaviour of gratings compared to the first order gratings [4.17-4.19]. The 
characteristic stop band and side lobes presented in the first order grating around the 
Bragg resonance wavelength of 1550nm can not be observed because the 3"^  ^ order 
grating is operating in a spectral region with high scattering losses. The guided power 
incident on the grating is easily scattered towards air or substrate by the higher order 
space harmonics excited inside the grating. The oscillation behaviour is found when 
duty cycle is increased from 50% to 60%, as might be caused by Fabry-Perot 
interference in a grating of finite length. Wiesman et al. [4.31] has demonstrated that 
with a larger grating etch depth and duty cycle, the undesirable interference effects 
might become more dominant in the reflection spectrum.
4.3.2.2 Leakage Factor
The dominant loss associated with the Bragg grating devices consists of grating 
radiation loss, the diffraction loss at both interfaces of the grating edges.
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Figure 4-22: Calculation of leakage factor versus wavelength by LMP approach for various 
grating depth in 3^  ^order Bragg grating period of 687nm and duty cycle of 50.
Leakage factor, a \s  usually used to account for the overall loss of the device which 
can be defined as:
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a
where |/jp is modal reflection and |ip  is modal transmission of the grating devices. 
We calculated the leakage factor as a function wavelength for different grating depth, 
as shown in Figure 4-22. At shallow grating depth (below 150nm) where the value of 
effective index modulation of the grating is small, the leakage factor curve provides a 
symmetrical behaviour of the reflectivity curves. This is in good agreement with the 
CMT predictions where the effects of the leakage factor aie neglected [4.21]. As the 
grating deptli increases, the leakage factor a  curve loses its symmetry and a secondary 
maximum to the left of the Bragg wavelength appears as illustrated both in Figure 
4-23 and Figure 4-24, producing a radiation loss of a portion of guided optical power. 
As a result, the irregular behaviour of the reflectivity curves in the corresponding 
spectral region aie expected. The transition occurs in between grating depths of 200- 
250nm when symmetry of the leakage factor curve is broken as the grating evolves 
from shallow to deeply etched.
The hregular behaviour in tlie LMP region for a strong grating can be investigated by 
Figure 4-23: and Figure 4-24:, which depict the reflectivity and leakage factor of the 
Bragg gratings for grating depths of (a) 200nm (b) 220nm when grating periods of 
0.687pm and 0.69pm aie being considered. It is appaient that the modal reflections 
for both grating periods shift to shorter wavelength with increasing grating etch. It can 
be explained by equation (4.2) where the relation holds between Bragg wavelength 
and modal effective index of waveguide if  the grating period and diffraction order of 
grating remain unchanged. If the grating depth considered is between the transition 
region where the symmetiical of the leakage factor a  curve is no longer preserved, 
higher order modes and radiation modes also take pait in the energy transfer. 
Moreover, the lowering of effective refractive index changes caused by grating 
modulation further enhances the effect of Bragg resonance wavelength shortening. 
Since prediction of CMT does not take into account losses associated with grating and 
the interacting modes can not be leaky, and not surprisingly coupled mode analysis 
can not provide sufficient accurate modelling of the physical effect in the devices.
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Figure 4-23: Calculation of power reflection showing the influence of leakage factor on the 
overall spectral response for grating depth of (a) 200nm and (b) 220nm for 3'''^  order Bragg 
grating (A=687nm) on small cross section SOI rib waveguide in TE polarisation.
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Figure 4-24: Calculation of power reflection showing the influence of leakage factor on the 
overall spectral response for grating depth of (a) 200nm and (b) 220nm for 3*''' order Bragg 
grating (A=690nm) on small cross section SOI rib waveguide in TE polarisation.
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4.3.3 Comparison between CMT and FBT Simulation 
Results
The most important aspects in a Bragg grating characterisation are their resonance 
wavelength and maximum reflectivity, which depends on grating period, grating 
depth and length. It is interesting to compare the modelling results of commonly used 
CMT and the more rigorous approach of waveguide Bragg grating modelling based 
on FBT. Our numerical modelling results of 3D CMT are based on GratingMOD 
[4.29], whereas the LMP approach is based on quasi-3D FBT by Passaro [4.40, 4.41]. 
We have considered SOI rib waveguide dimensions of H = \ .5pm , D = 0.89 pm and 
W = 1.0pm. The Bragg grating parameters are 687nm as grating period, duty cycle of 
50% and grating length of 500pm.
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Figure 4-25: Maximum grating reflectivity {Rméu) as a function of grating etch depth using CMT 
and LMP based on FBT approach for waveguide width W = 3pm ,grating period A = 687nm,
duty cycle of 50% and L = 500pm
Figure 4-25 shows the calculated maximum reflectivity of the waveguide based small 
cross section SOI Bragg grating as a function of grating depth in TE polarisation
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operating at Ào=1550nm. Both curves show very good agreement at very shallow 
grating depth, since shallow grating etch does not induce significant radiation loss.
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Figure 4-26: Comparison of power reflectivity spectral response for grating etch depth of 120nm 
between CMT and FBT approaches for waveguide width W = 1pm.
Hence, the leakage factor a  curve is low and its symmetry is preserved in FBT; 
whereas in CMT the grating is only accurately modelled when the index modulation 
amplitude is small. Using FBT, the Bragg grating structure exhibits slight oscillation 
in Rmax', this effect is also observed in single grating couplers [4.44] and grating- 
assisted directional couplers [4.40], due to the interference of the field reflected at 
both interfaces of the grating castellation. Similar grating maximum reflectivity is 
predicted where both curves intersect at a grating etch of 120nm, approximately 8% 
of the overall waveguide height. The graph in Figure 4-26 represents the reflection 
spectrum of 120nm grating depth. This figure clearly suggests that the reflectivity is 
shifted against the design value of 1550nm towards shorter wavelength. Although the 
Bragg resonance wavelength differs by 5nm at grating etch of 120nm, both curves 
predicted by FBT and CMT show relatively good agreement in terms of FWHM 
bandwidth and overall spectral shape. The deviation from the design wavelength is 
also shown in Figure 4-27. Note that with relatively shallow grating depth, both 
approaches exhibit good agreement; however the Bragg resonance wavelength starts 
to diverge with increasing grating depth, where CMT becomes increasingly 
inaccurate.
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Figure 4-27: Resonance Bragg wavelength shift as a function of grating etch depth for CMT and 
FBT approaches for waveguide width W -  1pm.
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Figure 4-28: Maximum grating reflectivity {R„ax) as a function of grating etch depth using CMT 
and LMP based on FBT approach for waveguide width W = 3pm. grating period A = 687nm,
duty cycle of 50% and L = 500pm.
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If we increase the waveguide width of the device to 3jLim while maintaining all other 
parameters constant, rapid decrease of maximum reflectivity beyond grating depth of 
240nm can be observed in Figure 4-28. It is also apparent that there is very good 
agreement between both methods for calculation of maximum reflectivity at shallow 
grating etches and the gradual increase of R^ax simultaneously. At grating depth of 
240nm, the spectral response of both theories differs significantly (Figure 4-29) 
although their maximum reflectivity value results in a similar* value. The spectral 
response predicted by CMT preserves its symmetrical shape due to the fact that it did 
not take into account any loss induced by grating etch depth in tlie calculation. On the 
contrary, the FBT approach determines the maximum reflectivity and its Bragg 
resonance condition is based on minimum leakage factor for the 240nm grating etch. 
Consequently, we not only have to consider the maximum achievable reflectivity for a 
given grating etch depth but also its corresponding grating spectral response and 
Bragg resonance shift as well. Since the grating device is long and deep, a weak 
grating analysis such as CMT based on the pertiubation approach would not be 
sufficient to address tire grating radiation loss. For instance, beyond the grating etch of 
240nm, the deep grating etch causes the device to operate in a higher scattering and 
radiation loss region therefore reducing Rmax^  As we increase the waveguide width 
from the initial lp,m to 3p,m, the overall waveguide dimension slowly evolves from a 
small to a larger cross section and resembles a grating perturbation on a planai* 
waveguide. This explains why the influence of grating modulation on the Bragg 
resonance wavelength difference between tlie two methods is greatly reduced from 
17.27nm to 5.69nm as observed in both Figure 4-27 and Figure 4-30. Hence, we can 
use planai* waveguide approximation to compute numerical simulation of grating on 
laige cross section waveguide.
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Figure 4-29: Comparison of power reflectivity spectral response for grating etch depth of 120nm 
between CMT and FBT approaches for waveguide width W =3|im.
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Figure 4-30: Resonance Bragg wavelength shift as a function of grating etch depth for CMT and 
FBT approaches for waveguide width W = 3pm.
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4.4 The Thermo-Optic Effect (TOE)
The refractive index of a material is not independent of temperature over the range of 
operational temperature for the optical devices. The variation of refractive index with 
temperature at a constant pressure is described by its thermo-optic coefficient (TOC). 
The manipulation of refractive index via the TOC (dn/dT) by introducing a heating 
source such as thin film heater has been reported in literature [4.45 - 4.47]. This 
section aims to introduce the reader to the metliods of simulation employed in the 
operation of a Bragg grating filter fabricated in SOI material based on TOE. A finite 
element analysis (FEA) simulation package such as FEMLAB [4.49] by COMSOL is 
used to develop the model by utilising the high TOC (-1.86x10 at 1.55p,m) in 
silicon. Waveguide parameters such as thickness of an oxide buffer layer, thermal 
isolation trenches which influence die temperature distribution and heat confinement 
within the waveguide structure were investigated. Wavelength shift and polarisation 
sensitivity of the resonant Bragg wavelength of the SOI waveguide based Bragg 
grating are modelled based on the assumption tliat thermo-optic coefficient is constant 
and fabricated grating periods and etch deptli are uniform across the grating lengtli. It 
would appear- tliat temperatur e dependent thermal char acteristics of a material need to 
be considered in the model to simulate the behaviours of devices under realistic 
operating condition with non-ideal material characteristics. Clark [4.45] developed 
thermal modelling for various waveguide geometries for steady state and transient 
thermal analysis of SIMOX phase modulators. Whilst a detailed thermal modelling 
was not cari’ied out here, a simplified steady state thermal simulation to demonstr ate 
the principle of thermo-optic modulation of a Bragg grating embedded in the 
proposed small cross sectional SOI rib waveguide in section 4.3 has been carried out. 
A hybrid approach combining BPM and FEA for optical and thermal simulation 
provides quick computation and it is easy to implement tire analysis for different 
waveguide and grating parameters. The thermal analysis will only focus on 
conduction since it is the most dominant factor in determining the heat transfer in the 
system.
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4.4.1 Aluminium Heater Design
By applying a change of temperature locally on the Bragg grating device, the effective 
index of the device changes, leading to the resonance wavelength shift. Temperature 
changes can be introduced by a thin film heater where a pattern of resistive material 
defined on the surface of the platform is used to achieve joule heating. As current 
flows through the highly resistive heater, some electrical energy is converted to heat 
which in turn increases the temperature of the heater. The thin film heaters are 
commonly located on top of the grating structures separated by SiO] top cladding 
layer, which allows optical isolation and localised heat transfer from the heating 
structure. The aluminium based thin film heater with 3p,m and 0.5|xm in width and 
thickness is used as a heater structure, as shown in Figure 4-31. It is connected via 
two contact pads (200p,m^) in which their surface area is several orders of magnitude 
larger than the aluminium heater; therefore most of the voltage drop will occur across 
the grating section, leading to high resistive ohmic heating. The volume resistivity of
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Figure 4-31 : Aluminium thin film heater in L edit CAD layout.
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Figure 4-32: The influence of temperature on electrical resistivity of aluminium. Data extracted
from [4.63].
a material is a parameter that indicates the electrical resistance and allows the 
calculation of the resistance when the physical dimensions are known. The 
relationship can be expressed by:
R = pLtW (4.7)
where p  is the material resistivity, t is the thickness, L is the length and W is the width 
of the material. Resistance is proportional to heater length and inversely proportional 
to the cross sectional area. Hence, one would like to design a long and small cross 
sectional area resistive heater without exceeding the maximum current density of the 
material. The resistivity, p  of aluminium is not constant and it varies with 
temperature.
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Figure 4-33: The relationship of aluminium heater resistance with temperature for heater 
various length, thickness of SOOnm and width of 3pm.
Figure 4-32 shows the resulting plot with data extracted from [4.63] showing linear 
relationship between aluminium resistivity and temperature within the range of 0°C to 
600°C. With aluminium resistivity and equation (4.7) which relates to heater physical 
dimensions, the heater resistance can be evaluated, as demonstrated in Figure 4-33. 
The variation of heater resistance with the temperature is vital information in 
determining the heater temperature as a result of joule heating. This can be easily 
accomplished by measuring the voltage drop across the heater and the current 
supplied.
4.4.2 Thermal Isolation Trench
The strong thermo-optic effect in silicon has been exploited for the realisation of 
various thermo-optic switches [4.51] and sensor application [4.48]. Although silica 
based devices [4.57] have been reported, the higher thermo-optic coefficient in silicon 
is preferable as it results in smaller devices and lower power consumption. 
Conduction heat transfer mechanisms in SOI material can be categorised by 
longitudinal and lateral temperature distributions. When heat is applied constantly on
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top of the waveguide stiuctuie depicted in Figure 4-34, the efficiency of the thermal 
distribution of the system is determined by the tliickness of oxide between the heater 
and top of the rib waveguide and the dimensions of the waveguide. Assuming the 
waveguide dimension and oxide thickness remain constant, heat is not readily 
absorbed into the substrate through the buried oxide layer (BOX) via conduction 
mechanisms, but can be spread laterally in to the slab region. The thermal diffusion 
lengtli, Lth, the length over which a given temperature falls to e'^  of its original value 
spreading laterally in two dimensions from the heat source, for a leaky substrate can 
be described by the following equation [4.51]:
L,,. —y jd 't (4 8)
SiO,
where d  and t are the buried oxide and the silicon slab layer tliickness and (%, and 
asi0 2  ar’e the thermal conductivities. Using room temperature values for tlie thermal 
conductivities of silicon (156W/m/K [4.58]) and silica (1.4 W/m/K [4.59]) and with 
buried oxide layer of d  = 3|i.m and a waveguide slab height of t = 0.6p,m, the 
calculated thermal diffusion length is 14.16[im.
Heal Applied through buffer 
layer to waveguideHeat Diffuse Laterally along slab region Lth
Si02 Buffer layer
it
Silicon Substrate
Figure 4-34: Heat diffusion of rib SOI waveguide. The arrows indicate possible direction of heat 
diffusion from top of heat source to tlie slab region and silicon substrate [4.51],
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Fischer et al [4.51] also expressed the calculation of switching power using a one­
dimensional (ID) analytical treatment of the heat flow in an MZI switch as:
P = 21
dn
dT 'S /O , (4.9)
where b denotes the width of the heating element and lacuve is the length of arm of the 
MZI without the heater. This equation can be modified to:
dn .-1ejf
dT
t^h
a^ctive (4.10)
dn^where — — denotes the TOC calculated by two-dimensional (2D) FEM as an dT
effective value [4.55] which depends on all the layers in the waveguide structure as 
opposed to the bulk silicon TOC considered in the literature.
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Figure 4-35: Driving power requirement for one degree change in silicon rib waveguide for
various top SiOz cladding layers.
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This issue will be discussed in section 4.4.3. Although our modelling structure is not 
configured as an MZI optical switch, we can redefine lacuve from equation (4.9) as 
heater length, L and compute the applied power which causes the change in 
temperature {AT) in the waveguide structure as [4.51]:
\- i
^ (4.11)21active
Equation (4.9) can be rearranged as:
P — ATtJ^ fQ ■Lb + 2dL„ I (4 ,1 2 )
From equation(4.8), diffusion length can be controlled by choosing appropriate wafers 
with designated BOX layer tliickness and slab height. The changes of both parameters 
are not trivial as the waveguide dimensions are critical in preserving the single mode 
condition and polarisation independence whilst the selection of BOX layer thickness 
has to be tliick enough to achieve thermal isolation of the waveguide from the 
substrate. Figure 4-35 illustrates the influence of driving power requirement as a 
function of top oxide cladding thickness on a silicon rib waveguide with different 
BOX layer thickness of l.OOjim and 3.00p,ra.
Neumann [4.60] proposed placing a trench outside the curved waveguide to prevent 
light from spreading outward toward larger radius, hence improving optical 
confinement. The same approach [4.56] has been reported to improve thermal and 
optical confinement of SOI modulators by utilising thermal isolation trenches to 
prevent lateral heat flow. Isolation trenches can be realised by means of removal of a 
small slab region on either side of the rib using a simple etching process to improve 
the maximum temperature rise that can be achieved for a given input power. Steady 
state thermal analysis has been applied to investigate the effect of etching filled with 
low temperature oxide (LTO) on the overall temperature rise in the core of the 
waveguide in the following section.
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Figure 4-36: The facet image of the polished SOI waveguide with the implementation of isolation
trench on either side of the rib.
Figure 4-36 depicts polished facets and the implementation of isolation trench on SOI 
rib waveguide with spacing of 7pm from the centre of the rib observed under lOOx 
Leica optical microscopes. To maintain consistency of the simulation, the conduction 
heat transfer simulation was setup using a 2D mesh generated according to the 
waveguide dimension stated in section 4.2 by FEMLAB modelling software as shown 
in Figure 4-37. Please note that the maximum element size of the mesh grid is set at 
0.8x10'^ at the core of the waveguide and heating element to enable higher accuracy 
of the calculation at the crucial interface between them. In the simulation shown in 
Figure 4-38, a 3pm width thin film metal heater was deposited on top of an SOI rib 
waveguide separated by a 200nm SiO] layer. It is assumed that the waveguide 
structure is infinite in the direction of the propagating wave and ambient temperature 
of 23°C. The longitudinal and vertical heat flow and temperature distribution of the 
waveguide structure influenced by the isolation trench spacing and etch depth of the 
trench is investigated. By controlling the temperature on the heating element, the 
temperature distribution profile with or without the isolation trench and its associating 
refractive index changes can be studied. Table 4-2 shows all the material properties 
parameters used in the computation at an operating wavelength of 1550nm.
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Figure 4-37: FEMLAB generated mesh grid of rib waveguide structure and heating element at 
the top of the waveguide separate by a thin layer of SiOz.
Table 4-2: The material parameters used in FEMLAB thermal optic simulation.
Material/ Material 
Parameters
Thermal
Conductivity
(W/m/K)
Density (kg/m )^ Specific Heat (J/kg/K)
Silicon [4.58] 163 2330 714
Silica [4.59] 1.38 2600 703
Aluminium [4.65] 235 2700 935
Air [4.65] 0.0257 1.2 1005
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Surfbce. Temperatuie Arrow Heal flux
Figure 4-38: Temperature distribution and heat flows: 2pm isolation trench spacing from core 
waveguide and 200nm oxide buffer layer, 100°C applied on heating element.
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Figure 4-39: Calculation of temperature of the waveguide core and refractive index changes as a 
function isolation trench distance at ambient temperatures of 23°C.
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Figure 4-40: Refractive index changes caused by TOE as a function of isolation trench height, t^r 
with 2pm and 4pm isolation trench spacing from the side of the rib waveguide.
The temperature rise from the centre of the rib waveguide after 100°C supplied via the 
heating element was plotted as a function of isolation trench spacing in Figure 4-39. 
The refractive index change due to the temperature rise is also presented in the same 
graph. When the isolation trench is fully etched to the BOX layer, the numerical 
simulation suggested that the closer trench spacing from the rib waveguide restricts 
the heat flow, therefore resulting in higher heat confinement in the structure and hence 
higher refractive index changes. Figure 4-40 shows the resulting refractive index 
changes caused by the TOE when the isolation trench height is varied from fully 
etched to no etching for two different spacing distances. It clearly indicates a fully 
etched isolation trench has a better ability to contain the lateral and vertical heat flow. 
For shallow isolation etch trenches up to 50% of slab height, the spacing distance does 
not have any significant impact on the refractive index variation. A half etched 
isolation trench might allow some higher order mode from the waveguide to leak out 
through slab region in order to avoid modal interference within the waveguide system. 
However, one should note that the isolation trench spacing has to be implemented
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without causing any interaction with the fringe of the mode profile in the slab region. 
Hence, the optical mode profile of the waveguide structure operating at desired 
polarisation will be considered in the following section.
4.4.3 Thickness of Buffer Layer
It is favourable to place the heater directly on the top of the rib waveguide; however 
in practice the heater might cause changes in polarisation dependent loss and optical 
attenuation in the waveguide. Usually, a buffer layer is placed between the heating 
element and the top of the rib waveguide. There are two main factors that determine 
the thickness of the buffer layer, the effectiveness of heat transfer from the 
heating element to the rib waveguide and the distance in which the evanescent wave 
extends from the interface of the rib waveguide. The thickness of the layer is chosen 
in such a way that it is not too thick to reduce the effectiveness of heating and at the 
same time thick enough to contain the evanescent wave. In addition, the thickness of 
oxide buffer layer chosen should not be greater than few micrometers to minimise 
stress on the layer and prevent the influence of polarisation in the waveguide. 
Nonetheless, it might be a useful additional fabrication parameter as shown in [4.52], 
by manipulating the thickness of oxide deposited on the waveguide to control 
waveguide birefringence.
Com puted T ransverse  Mode Profile (m=0,n „=3.392085)
2 H
a 0
-3 -1 0 1 
Horizontal Direction (j^m)
1.0■
0.0
Figure 4-41: Fundamental mode profile of SOI waveguide with 0.40um SiOz buffer layer.
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BeamPROP was used to calculate the optimum thickness of buffer layer. The 
computation grid spacing of x = 0.005pm, y = 0.01pm, z = 0.04pm, nsi = 3.477 and 
nsioi = 1.444 were used for the simulation. We have assumed the thermal 
conductivities for both silicon and SiO] remain constant in the calculation. Figure 
4-41 shows that the TE polarised evanescent wave extends approximately 0.30pm  
from the top of the rib waveguide and lateral modal mode profile extends 
approximately 1.20pm from the side of rib waveguide. In order to contain the thermal 
energy within the rib waveguide to maximise the effect of the thermo-optic effect, the 
thermal isolation trench is formed by etching the slab region down to the buried oxide. 
This isolation trench will provide a better lateral thermal confinement in the 
waveguide, while still allowing higher order modes to leak out in the slab region. The 
placement of the isolation trench 7pm away from the side rib waveguide is based on 
the simulated result shown in Eigure 4-41 and considering the thermal diffusion 
length evaluated in section 4.4.2. The thick buried oxide layer of 3pm in the standard 
4 inch UNIBOND wafer will provide good thermal isolation between the guiding 
layer and the BOX layer. Therefore, this will allow only a fraction of the heat to 
diffuse into the silicon substrate hence increasing the lateral and vertical thermal 
confinement in the rib waveguide.
Figure 4-42: SEM image of rib SOI waveguide with 0.22pm SiOz buffer layer.
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Figure 4-42 shows a SEM image of a fabricated SOI rib waveguide with buffer oxide 
layer measuring 0.22pm in thickness. The buffer layer of 5pm S102 is sputtered on 
the lib waveguide before being back polishing using chemical mechanical polishing 
(CMP) to the designated thickness. It is evident that the shape of the SiOz and its 
thickness in the slab region is slightly different from die modelling shown in Figure 
4-41, due to polishing tolerance during the CMP process. Hence, this issue can be 
overcome by trial and error technique to calibrate the requhed time in achieving the 
optimum buffer layer thickness.
Numerical simulation of refractive index changes with variation in oxide buffer layer 
thickness is shown in Figure 4-43. The temperature applied from the heating element 
ranged from 50 to 200°C, and causes the refractive index changes via the TOE that 
increase following an exponential tiend when the oxide thickness is gradually reduced 
down to lOOnm. For 500nm in thickness and above, the heat Pansfer from the heating 
element to the rib waveguide is inefficient due to the low thermal conductivity of the 
Si02. Thus, the refractive index change remains relative constant even with the 
increase of applied temperature. In order to optimise the temperature rise in the rib 
waveguide, we investigated the maximum temperature rise that can be achieved by 
combining the effect of the Si0 2  top buffer layer thickness and the placement of the 
thermal isolation Penches in the waveguide sPucture. Figure 4-44 shows the results of 
our* 2D FEM thermal analysis. It becomes apparent by choosing thinner buffer layers 
and close placement of the isolation Pench to the center of the rib waveguide that heat 
diffusing is sufficient from the heat source into the rib waveguide sPucture. 
Nonetheless, we need to consider whether the position of the isolation Pench 
impinges on the optical mode of the waveguide, in case there is the potential of 
exciting higher order mode propagation in the waveguide which supports only 
fundamental mode operation.
4-50
Chapter 4: Device Design
«
0.020 -n
0 .0 1 9 -  
0.018 
0.017 -  
0 .0 1 6 -  
0.015 -
.  0 .0 1 4 -  
&  0 .0 1 3 -  
§  0.012 :  
"o 0.011 -I 0 .010 -  0 .0 0 9 -
gj 0.008 -
■a 0 .0 0 7 -
g  0 .0 0 6 -
% 0 .0 0 5 -  
^  0 .0 0 4 -  
0 .0 0 3 -  
0.002 -  
0.001 -
*— Heater Temp 50 C 
• — Heater Temp 100 °C 
^— Heater Temp 200 °C
0 200 400 600
—|—
800 1000
Top Oxide thickness (nm)
Figure 4-43: Refractive index changes by TOE plotted as a function of SiOz top buffer layer 
thickness with various heater temperature sources.
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Figure 4-44: Simulation of temperature in the rib waveguide as a function of heater temperature 
show improvement of thermal confînement with the implementation of closer isolation trench
spacing and thinner oxide buffer layer.
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4.4.4 Resonant Wavelength Shift
In this section, we will demonstrate the temperature dependence of the resonance 
wavelength of a Bragg grating in a small cross sectional SOI rib waveguide covered 
with a specific suiface oxide buffer layer. The resonant Bragg wavelength of Bragg 
gratings in SOI rib waveguides will exhibit a temperature drift based on the TOE of 
silicon. The thermal drift numerical calculation is the combination of 2D heat transfer 
model in section 4.4.3 and Bragg grating modelling of section 4.3.2.I. As a result, the 
integrated grating with high resonance theimal sliift can be designed by this numerical 
simulation method. The Bragg wavelength of an SOI surface corrugation giating can 
be expressed by equation(4.2). Hence, the diermal variation of the resonant Bragg 
wavelength is given by:
dÀs _  2 
dT m (4 ri3 )
As stated by Kokubun et a l  [4.61, 4.62], the second term in equation corresponds to 
the relationship of giating period vaiiation caused by temperature change and it is 
influenced by the coefficient of the tliermal expansion (GTE) of material. Typically 
quoted values of the GTE for silicon is laiger tlian SiOi where its value is 2.6x10^ K'^  
and 0.6x10'^ respectively.
Figuie 4-45 shows the comparison between wavelength vaiiation for TE and TM 
polaiisation for Bragg gratings with different top oxide buffer layer. The temperature 
drift of the Bragg wavelength for both polarisations is very close; on the contrary, 
temperature sensitivity is significantly different with 4.I2pm/°G and 3.12pm/°G for 
200nm and 400nm oxide thickness. Thus, the oxide layer thickness essentially limits 
the heat flow hence TOE refractive index modulation of the grating. The grating 
period variation's contribution to the wavelength thermal shift is considered 
negligible for low temperature rises as shown in Figure 4-46. These data correspond 
to the maximum variation of the Bragg wavelength over a rising temperature range of 
120°G.
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Figure 4-45: 3"^"" order Bragg grating (A = 687nm) resonance wavelength shift caused by TOE 
versus applied heater temperature with different SiO: top buffer layer thickness in TE and TM 
polarisation operating at free space wavelength of 1550nm.
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The induced refractive index changes in the silicon via the thei-mo-optic effect will 
cause the peak transmission of a grating to shift forward due to tlie positive value of 
thermal optic coefficient. If backward tuning is required, rather than letting the rib 
waveguide cool down naturally, a thermo-electric cooler or heat-sink is needed to 
mount at the base of the substrate to remove the thermal energy in the waveguide 
more efficiently.
4.5 Summary
The design of SOI waveguides on small cross section was used to determine the 
waveguide bends and Y-junction with 50% power splitting ratio, which forms pait of 
the Bragg grating filter structure. The BPM based Y-junction branch design yields a 
relatively good agreement with 2D-FDTD method for the design of power splitting 
ratio and abrupt discontinuity of waveguides at the junction. Leaky mode propagation 
-  a rigorous numerical approach based on Roquet Bloch Theoiy has been presented 
and compared with Coupled Mode Theory in order to investigate order Bragg 
gratings on small cross section SOI rib waveguide for a waveguide height of 1.50jxm. 
We emphasised our' analysis on the influence of gmting depth to the reflected power 
and modal power loss due to the radiation effect in the spectial range shorter than the 
Bragg condition wavelengtli. The wavelength peak in the grating structure depends on 
the Bragg condition, i.e. on the grating period and modal effective index. Therefore, 
the spectral response of the grating device can be tailored for a specific application. 
On the contrar'y, it can also be influenced by the undesirable effect of grating period 
uniformity across the wafer and grating depth control. We included some numerical 
simulations to predict the overall spectral response of the grating in order to take into 
account variation of gr ating period and etch depth.
Grating str-uctmes based on single mode and polarisation independent SOI 
waveguides were used to compare the results produced by tlie Floquet Bloch 
approach, and results obtained by coupled mode theory. These show some significant 
discrepancies in deeply etched gratings. However, good agreement is observed 
between two theoretical approaches only at shallow grating and for wider waveguide 
width. CMT calculates the effective index of the overall structure without considering
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the physical presence of grating (via the overlap integral between waveguide 
equivalent to the highest and lowest grating profile) but approximating using the 
effective index approach. In contrast, FBT employs rigorous numerical approach on 
the effective index of the resonant mode in the presence of the grating.
Given an increase in etch depth, this effective index will decrease and the wavelength 
peak will be shifted to lower wavelengtlis. Clearly, we see tliat the discrepancy in 
wavelength shift between CMT and FBT increases with the etch depth as expected. 
Furthermore, the scattering effect as induced by tlie grating is taken into account by 
FBT through the leakage factor (which cannot be considered by CMT). We also 
provided the first theoretical demonstration of an oscillating behaviom in maximum 
reflectivity of 3^  ^ order grating in SOI rib waveguides with small cross section for 
waveguide width of 1.0pm and 3.0pm. During the evaluation of 3^  ^ order Bragg 
gratings, the power transfer effect to radiated modes (considered by the leakage 
factor) and the power transfer between guided leaky modes can be stronger in this 
case with respect to a simple order Bragg grating, Üierefore the description of the 
field in terms of leaky modes (using FBT approach) suits the problem better, 
especially when high index contr ast material such as SOI are used, compared to CMT.
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Chapter 5
The LORD is my light and my salvation -  so why should I be afraid? Psalm 27:1
5 Device Fabrication
5.1 Introduction
111 this chapter, the fabrication of the third-order Bragg grating on with SOI rib 
waveguide with small cross section shown in Figure 5-1 is described. The first section 
describes the general silicon photonics fabrication process involved in our work. The 
fabrication of the devices is conducted in Southampton University Microelectronics 
facility, whereas a test sample was also provided from tlie University of Delaware. 
The next section will be devoted to the fabrication steps, scanning election 
microscopy (SEM) and atomic force microscopy (AFM) analysis to investigate the 
coiTelation between designed and fabricated devices. We also highlight some 
challenges in realising sub-micrometer Bragg grating periods on small SOI rib 
waveguides.
Figure 5-1; Third-order Bragg grating in SOI rib waveguides with small cross section.
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5.2 General Fabrication Processes
5.2.1 SOI Waveguide Dimensions
The objective is to design a SOI rib waveguide structure with small cross section, 
which will exhibit polarisation independence and support only fundamental mode 
operation. The resultant rib waveguide dimensions were used as a design platform for 
third-order Bragg grating filters. Using numerical simulation method such as BPM 
and FEM as discussed in Chapter 4, we can calculate rib waveguide dimensions 
required to satisfy both condition simultaneously.
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Figure 5-2: Single mode and polarisation independent SOI waveguide dimensions [5.5].
Figure 5-2 shows the boundaries between single-mode and multimode region and zero 
birefringence (ZBR) curve plotted against rib waveguide parameters for waveguide 
height of 1.5|im. It is apparent that single-mode conditions are different for quasi-TE 
and quasi-TM when small cross section rib waveguides are considered [5.5]. The 
degree of influence of waveguide width and etch depth on waveguide birefringence 
for a given waveguide height is presented by the ZBR curve. Any waveguide 
parameters situated below the boundary lines for both polarisations indicate single­
mode operation only. The limitation of achieving the designated waveguide 
dimensions will be photolithography resolution and silicon etching techniques
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employed to conti'ol the rib height and angle of the sidewall. For instance, if we select 
minimum waveguide etch depth of 0.90p.m and assume that photolithography tools 
inti'oduce ±5% uncertainties for the definition of waveguide width; this will provide 
waveguide dimensions as indicated by the red dotted circle in Figure 5-2 potentially 
satisfy both conditions simultaneously.
The 4 inches UNIBOND® wafers fabricated by SOITEC [5.4] were chosen as the raw 
material for the fabrication of our device. The wafer has the surface thickness of 
1.5[im with thickness uniformity of ±5nm. The buried oxide (BOX) layer is 3fim in 
tliickness with unifonnity of ±15mn. The thickness of tire BOX layer is sufficient 
enough to prevent evanescent mode coupling into the silicon substrate as the size of 
the waveguide core is reduced. This has been discussed in Chapter 4. The top silicon 
layer is P-type silicon which has the range of resistivity of 14 - 22Qcm and <100> 
orientation with carrier concentration of 3.8xl0^^cm‘^ .The substrate is N-type silicon, 
with 10  - 2 0 Qcm resistivity, < 100> orientation.
5.2.2 Photolithography
Active and passive optical devices can be fabricated on the same substrate using 
lateral patterning techniques based on photolithography. Since epitaxial growth 
processes do not provide any controlled lateral variations in material properties, 
lithography techniques are needed to change lateral properties of the devices. While 
new advances in lithographic techniques are introducing continuous changes when the 
feature size shrinks in accordance with the ITRS roadmap [5.1], the following 
discussion will provide die reader with a general overview of the process used in tins 
work.
5.2.2.1 Photoresist
hr order to transfer a design pattern to the surface of tire wafers, photoresist, which is 
sensitive to optical or electron beam illumination, is needed to make tire wafer 
sensitive to an image or design pattern.
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Figure 5-3: The process flow of photoresist development for negative and positive resist
Photoresist is spread on the wafer by a process called spin coating. There are some 
criteria which are vital for the reliability of the resist such as good bonding to the 
substrate and thickness uniformity across the wafers. A post-spin soft bake is usually 
required to drive off most of the solvent in the resist whilst improving resist 
uniformity and adhesion. Figure 5-3 illustrates two different types of photoresist 
development, namely positive and negative resist.
For positive resist, the resist is exposed with UV light wherever the underlying 
material is to be removed. In these resists, exposure to UV light changes the chemical 
structure of the resist so that it becomes more soluble in the developer. The exposed 
resist is then washed away by the developer solution, leaving windows of the bare 
underlying material. The mask, therefore, contains an exact copy of the pattern which 
is to remain on the wafer. In contrast, negative resist exposure to the UV light causes 
the negative resist to become polymerised, hence becoming more difficult to dissolve. 
Therefore, the negative resist remains on the surface wherever it is exposed, and the 
developer solution removes only the unexposed portions. Masks used for negative 
photoresist, therefore, contain the inverse of the pattern to be transferred.
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Hard bake is the final step in the photoresist process. It is used to stabilise and harden 
the developed photoresist prior to processing steps that the resist will mask. It is 
carried out at a temperature of 90 - 140°C for several minutes. Any remaining traces 
of the coating solvent or developer will be removed. For silicon etching, a hard mask 
such as silicon dioxide or silicon nitride are generally used. Figure 5-3 process flow 
shows the photoresist process is used as a mask for etching the silicon dioxide, which 
is subsequently used as a hard mask.
5.2.2.2 Stepper Photolithography
Optical lithography typically uses step and scan systems in which a laser source 
illuminates a rectangular section of a mask of the reticle. The pattern is imaged by a 
projection lens with a 1:5 reduction ratio to expose a photoresist-coated wafer, as 
shown in Figure 5-3. During exposure, the reticle (see Figure 5-4) and the wafer are 
scanned in opposite directions relative to the lens until one shot exposure is 
completed. A GCA 63(X) step and repeat projection printer providing a 5:1 reduction 
was used to generate the pattern on the wafer. The scanning motion moves the slit 
area over the entire reticle to expose the whole pattern, with the reticle moving five 
times as fast as the wafer scan due to the 5X magnification. The scanner then steps the 
wafer to the next exposure area and repeats the exposure. This cycle continues until 
the full area of the wafer is exposed. Figure 5-5 show the schematic design layout for 
the Bragg gratings devices, which includes design mask layer for integrated heater 
and SOI rib waveguides.
Figure 5-4: Reticle mask of y-juction rib waveguide layer.
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Figure 5-5: Reticle mask - ka69rw showing the schematic layout of B ra^ grating on SOI 
waveguide with integrated heater. The numerical number situated below the Y-junction 
indicated the grating length employed for the corresponding devices.
5.2.2.3 Electron Beam Lithography (EEL)
The development of electron-beam resist systems used for photomask fabrication has 
been focused on improving the sensitivity, resolution and etch resistance of the resist 
materials [5.6]. Polymethy methacrylate (PMMA) resist is commonly used in EBL for 
direct-wri te. In our work, the gratings were patterned using an e-beam direct write 
process on photoresist across the SOI wafer. Using computer aided design software 
such as L edit, allows one to directly generate a designed grating pattern in a reticle as 
shown in Figure 5-6. With the assistance of alignment mark, the direct written grating 
photoresist layer was aligned with the rib waveguide design layer. Once both layer 
had been accurately aligned with the grating pattern on the wafer surface, the wafers 
are then etched to the desired depth. Detail fabrication steps used in our work will be 
further discussed in section 5.3.
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Figure 5-6: Schematic of grating mask design in L edit software package. The green outline on 
hoth sides of the purple layer rih waveguide indicated the isolation trench layer.
5.2.3 Silicon Etching
Silicon etching involves controlled removal of material via chemically reactive and 
physical processes. There are two types of etching technique commonly used in 
silicon photonics fabrication, wet chemical and dry etching. Low loss SOI waveguides 
with waveguide height greater than 3p,m have been fabricated by both wet [5.8, 5.9] 
and dry etching [5.10] techniques.
Slow etching crystal plane
Etch mask
Anisotropic isotropic
Figure 5-7: Anisotropic and isotropic wet etching techniques.
Wet etching consists of isotropic etching and anisotropic etching. Isotropic etching 
removes material from the target at the same rate in all crystallographic directions, but 
has the disadvantages that it etches horizontally under the etch mask (undercutting) at
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the same rate as it etches through the material. On the other hand, isotropic etching 
technique has different etch rates in different directions. The principles of anisotropic 
and isotropic wet etching are illustrated in Figure 5-7.
Ions
Volatile
products
Chemical etch enchanced by ion bombardment
Figure 5-8: A combination of chemical and physical etching hy RIE dry etching technique.
Dry etching is a more suitable etching technique which provides tight tolerances and 
reproducible production of silicon optical waveguide. Reactive ion etching (RIE) is a 
commonly used dry etching technique to achieve effectively vertical sidewall, which 
combines chemical reaction and physical etching. During the chemical process of 
RIE, the substrate is placed inside a reactor in which several reactive gas species, such 
as CF4 or SFe are introduced. An RF power source is used to strike plasma from the 
gas mixture, breaking the gas molecules into ions. These neutral or/and ionised atoms 
interact with the material’s surface to form volatile products. The physical process of 
REE which is similar to sputtering deposition process uses high energy positive ions.
Mask Erosion
Figure 5-9: Potential problem experienced hy RIE etching technique.
These positive ions are accelerated and strike the substrate with high kinetic energy, 
hence transferring some of their energy to the surface atoms which then lead to the 
removal of the material. Ion bombardment is very useful to maintain the
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directionality, or anisotropy of the etching process. During reactive ion etching 
chemistries, a product is formed that is not a volatile product. In some cases this effect 
could be exploited to protect vertical walls from isotropic chemical etching, while the 
same protecting film is removed from the bottom surface by energetic ions. Some 
common problems experienced by RIE are illustrated in Figure 5-9, such as mask 
erosion, deposition of inhibitor on the sidewall, trenching effects and undercutting.
Figure 5-10: RIE of isolation trench and passivation of 810%
Figure 5-10 depicts SEM image of an isolation trench formation using RIE techniques 
with relatively vertical sidewalls with SiOi passivation layer. The air void formed by 
the deposition of a silicon dioxide will not affect the optical operation of the devices 
since the rib waveguide (optical mode) is situated far from the isolation trench. Some 
RIE trenching effects are visible close to the sidewall.
5.2.4 Chemical Vapour Deposition (CVD)
Chemical vapour deposition is a chemical reaction which transforms gas molecules 
(precursor) into a solid material in the form of thin film or powder on the surface of a 
substrate. Silane (SiFl4) and nitrous oxide (N2O) are often used as precursors for 
plasma enhanced CVD silicon dioxide deposition. The stress of plasma-deposited 
films can be adjusted when a dual frequency reactor is employed [5.7]. The deposition 
of a silicon dioxide layer can be used as trench fill material in applications of shallow 
trench isolation and conventional etched-aluminium metallization
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Figure 5-11: Plasma enhanced CVD silicon dioxide deposition at 400°C to thickness of 1.5pm and 
chemical mechanical polishing (CMP) on the surface down to 1.2pm for planarisation.
Figure 5-11 shows the SEM image of an SOI wafer after PECVD of silicon dioxide 
and CMP to achieve a flat planar surface ready for metallization of an aluminium 
heater for our devices. Plasma-deposited silicon dioxide layers and silicon nitride 
(Si3N4) are widely employed when conformality is not critical in the application, such 
as a final passivation layer for optical waveguides.
5.2.5 Critical Dimension (CD) Control
With decreasing feature size, control of the linewidth (critical dimensions) in the 
exposed pattern becomes increasingly important if the waveguide is to perform as 
designed. If the accepted tolerance for CD is approximately 10% [5.13], 60nm 
features must be controlled to within ±6 nm. Umatate et al. [5.13] have suggested 
several important factor influence CD uniformity such as synchronisation between 
reticle and wafer scanning, projection lens and illumination system. We do not 
attempt to offer a comprehensive, review of CD control, but rather to introduce the 
reader to CDs applied in the SOI rib waveguide fabrication process. Further 
information of CD control requirements for the next generation of process technology 
can obtained in the International Technology Roadmap for Semiconductors (ITRS) 
[5.1] .We have discussed some of the requirements for waveguide dimensional control 
[5.5] as shown in Figure 5-12 in relation to the demand of current fabrication 
processes to realise SOI rib waveguides structure which are insensitive to polarisation.
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Figure 5-12: SOI rib waveguide etch depth influence on waveguide width to support polarisation 
independent for small silicon overlayer thickness at Xo =1550nm, reflecting the etch depth 
tolerance requirement in relation to waveguide process technology [5.5].
The width of the rib (W) is defined by a photolithography process. The linewidth 
variation across the wafer introduced by photolithography stepper and scanner might 
result in width of the etched rib, smaller than the designed value. Other factors such as 
selection of material for photoresist and resist postprocessing also influence the final 
width of the rib waveguide.
The rib height {H-h) or etch depth and the rib sidewall angle (0) are determined by the 
silicon etching method, namely dry or wet chemical etching technique. The former 
will produce a relatively vertical sidewall whereas the latter will result in a trapezoidal 
shape SOI waveguide. Real-time etch depth monitoring system utilising infrared 
interferomatric spectrometry techniques [5.11, 5.12] have been reported with a good 
degree of accuracy. However, the requirement of SiOi passivation achieved via 
therma] oxidation and metailization on the upper oxide cladding layer have the 
potential to reduce the critical dimensions. This is attributed to the consumption of 
silicon during thermal oxidation when oxygen and silicon atoms react.
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5.3 Fabrication Process Flow
5.3.1 Fabrication Steps
In tliis section, tlie complete fabrication process of the devices is described and aided 
by illustration in Figure 5-13. Then, the lab management system (LMS) list of tlie 
fabrication process flow at Southampton University is shown in Figure 5-15. The 
combination of fabrication flow and LMS will provide the reader with a clearer view  
of the important steps involved in fabrication of third-order Bragg gratings in SOI rib 
waveguides.
According to the fabrication process flow diagram, the process can be divided in three 
stages:
1. Grating Definition
2. Waveguide Fabrication
3. Aluminium Heater Deposition
Using files created by the L edit software package, masks have been written by EBL 
dhect write. The reticle patterns (design pattern number: ka69?w) aie printed on 
wafers by the step and repeat printing process. The process stalled with SOI wafer 
preprocessing. Impurities must be removed from the siuTace of the wafer before and 
after various process steps such as chemical vapour deposition and etching process. In 
each photolithography stage throughout the fabrication processes, RCA cleaning is 
essential after photoresist stripping. This procedure was designed to remove organic 
surface films by oxidative breakdown or dissolution to expose the silicon or oxide 
surface for subsequent decontamination reactions. The wafer was rinsed in Ammonia 
(NH3) + Hydrogen peroxide (H2O2) for 10 minute, followed by another 10 minutes 
rinse in Hydrochloric acid (HCL) + H2O2. Deionised water is used in intermediate and 
final rinses. This is followed by 150nm oxide deposition on top of the SOI wafer 
using the Plasmalab System 90 (DBF 90) via plasma enhanced chemical vapour 
deposition (PECVD). Wet chemical etching (fuming nitiic acid (FNA) clean) has 
been applied after the deposition of thin oxide layer to remove impurities remaining 
on the wafer surface.
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Figure 5-13: Fabrication process flow of B ra^ grating on SOI rib waveguides.
An alignment mask was required to provide precision positioning of different mask 
layers and increase the tolerance for mask error. The recticle pattern ika69rw) 
produced in Figure 5-5 were then carefully aligned to SOI wafers using alignment 
marks on the masks and the wafer to register the patterns prior to direct write of 
grating using EBL.
The gratings were patterned by Leica/Cambridge EBMF 10.5 Electron Beam 
Lithography System on 400nm thick layer of negative resist as shown in Figure 5-14 
(a). The grating pattern on the reticle was transferred onto the wafer surface using 
photolithography, and the SiO] which is not covered with the photoresist was 
anisotropically etched using the Plasmalab 80-i- etcher from Oxford Plasma 
Technology with a gas content of CHF3 and Argon. A Technics Plasma 3000 resist 
asher was used to remove residual resist and follow by RCA cleaning.
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(d) ( c )
Figure 5-14: Schematic diagram of fabrication process flow for 3"* order Bragg grating on SOI
rib waveguides.
Figure 5 -14(b) illustrates the second stage of the fabrication, the process started with 
transferring a rib waveguide layer using photolithography on 1.1 p.m resist thickness 
with the assistance of alignment mark. Subsequently, the rib waveguides were defined 
by etching the silicon using hydrogen bromide (HBr) in an inductively coupled 
plasma (ICP) system as indicated by the dotted line in Figure 5-14(c). The resist for 
the rib waveguides was stripped before etching of the grating using the same 
approach. Subsequently, the thermal isolation trench layer on the reticle was patterned 
on the photoresist using stepper photolithography. A 600nm thick of silicon layer was 
etched to the BOX layer of the SOI wafer to form the isolation treches. Figure 5-14(d) 
shows the schematic diagram of the device with Bragg gratings prior to Si0 2  
deposition.
In the final stage of the process, the wafers were exposed to thermal oxidation at 900C 
and oxidation time of 10 minutes to achieve 2 0 nm SiOz in thickness; this technique
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was used to reduce the process induced surface roughness. Then, the PECVD DEP80 
was used for deposition of 1.5±0.15p,m thick 8 % . This is followed by chemical 
mechanical polishing (CMP) using a Strasbaugh 6 EC to polish off 1.0-1.3p,m of the 
SiOz for wafer planarisation. This procedure leaves a thin 200-500nm Si0 2  overlayer 
on top of the rib waveguide to provide a buffer layer for metalisation of aluminium 
heater.
Aluminium is deposited by sputtering lp.m Al/Si(l%) in a Trikon Sigma sputterer. 
Aluminium heater layer on the reticle was patterned on tlie photoresist using stepper 
photolithography. An SSIC Metal Etcher was used to define the heater pattern. 
Lastly, the wafers were cleaned using a combination of CI2 +SiCU + Argon. LMS is 
an official database of all fabrication processes at the facility in Soutliampton 
University. All tliese steps aie shown in LMS list in Figure 5-15. The fabrication of 
the Bragg giating is presented in two branch process, one witli the aluminium heater 
on top of the rib waveguide separated by the upper cladding oxide layer, whilst the 
second one is without the aluminium heater.
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Figure 5-15: Lab management system (LMS) list of the Bragg grating fabrication.
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5.3.2 Scanning Electron Microscopy (SEM) Analysis
In this section, SEM images of each part of the 3"^  ^ order Bragg grating on SOI rib 
waveguides are shown. They were obtained using a Hitachi S-4000 SEM at 
University of Surrey. This SEM analysis is broken down into three parts: rib 
waveguides, gratings and the aluminium heater.
**
(a) (b)
Figure 5-16: SEMs of SOI rib waveguide with (a) SiOz passivation layer and after removal of the
layer with buffered HF.
Figure 5-16 (a) depicts SEM image of SOI rib waveguide with H = 1.45pm, W = 
1.15pm and D = 0.85pm and the thickness of the SiO] layer measuring from the top 
of the rib is approximately 250nm after CMP process. An even surface uniformity of 
the SiO] layer is required to prepare for the later metallisation process of aluminium 
heater. In order to reduce the charging effect cause by the SiO: during SEM analysis 
for the waveguide dimensions, the rib waveguides were immersed in buffer 
hydrofluoric acid (HF) for 5 minutes follow by quick rinse in flowing water and blow 
dry with pressurised nitrogen gas. Figure 5-16 (b) shows the fabricated SOI 
waveguide dimensions of / /  = 1.23pm, D = 0.84pm, W = 1.08pm and sidewall angle 
of 5° in accordance to the micrometer scale bar. Both the waveguide etch depth and 
width are within the fabrication tolerance of 3% of the designed value. The difference 
in waveguide geometries results in a change of refractive index from the design value, 
thus causing changes in waveguide birefringence and single mode condition. The 
SEM photographs in Figure 5-17 shows the Y-junction branch junction which 
consists of a width taper measuring 2.32pm at the interface between two rib 
waveguides width of 1.05pm. The device is separated by isolation trenches etched
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through the BOX layer. All those small white particles visible in the photograph are 
residual SiOz from previous SiOz removal process. Figure 5-18(a) and (b) show the 
input left and right arms of the input width taper of the device and isolation trenches. 
The width taper is implemented to facilitate the easy of coupling of optical fibre, 
leading to increase of coupling efficiency from fibre to rib waveguides.
Figure 5-17: SEMs of top view of Y-junction after removal of SiOz layer.
(a) (b)
Figure 5-18: SEMs of (a)left and (b)right arm of y-junction and input taper with isolation trench.
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(a) (b)
Figure 5-19: Top SEMs view of order Bragg grating embedded on top of the rib waveguide 
and the slab region. 3pm gratings width are implemented across the waveguide illustrated (a) 
evenly aligned and (b) slight misalignment of 0.5pm the gratings.
V »
r
Figure 5-20: SEMs of 3"^  order Bragg gratings on SOI rib waveguides with a closer look at the 
grating reveals grating period of 640nm and grating etch of 360nm.
Figure 5 -19(a) shows the 3"^  ^ order Bragg grating imposed across the rib waveguides 
where 3pm gratings are evenly distributed across the slab region of the waveguide. 
Figure 5-19 (b) indicates the intersection region between the Bragg gratings and the 
rib waveguide. It is evident that the distribution of grating etch across the waveguide 
suffers from uneven displacement of approximately 0.5pm as a result of misalignment 
between the E-beam lithography grating layer and rib waveguide reticle mask layer.
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Figure 5-20 depicts a higher magnification of SEM showing 3^  ^ order Bragg gratings 
with grating period of 640nm and grating etch of 360nm which results in duty cycle of 
0.56.
S ection  A na lys is
Figure 5-21: Scanned surface morphology using Scanned Atomic force microscopy (AFM) 
displaying the grating period measurement and its surface features after SiOz removal with
buffered HF.
After the SiOz layer was removed, Atomic Force Microscopy (AFM) was also used to 
measure the Bragg grating period and surface morphology of the grating. The grating 
surface had an rms roughness of 12.37nm, as shown in Figure 5-21. The figure also 
illustrates the reconstructed the 3-D Bragg grating structure and provides the grating 
period of 695nm measuring from bottom of the grating etch depth as indicated by the 
two red arrows. The result of the grating period suggests that the residual SiOz may be 
preventing the AFM probe from accurately measuring the grating etch depth, which in 
turn defines the grating period.
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#
Figure 5-22: SEM of aluminium heater contact pad and a common ground linking the adjacent 
heater together. The Bragg gratings are underneath the thin heater and SiOz layer.
(a)
(b)
Figure 5-23: Micrographs of aluminium heater contact pad and heater on top of the SOI rib
waveguide.
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Figure 5-22 shows the micrograph of aluminium heater after metallization process. 
The dimension of the contact pads are 200p.m^ and a common ground contact is 
linked to die adjacent heater across the devices as illushated in schematic diagram in 
Figure 5-5. The Bragg gratings are hidden underneath the diin section of the 
aluminium heater and SiOz passivation layer. Figure 5-23 provides the SEM image (a) 
normal and (b) tilted 2 0 ° to the facet of the waveguide shows the aluminium heater 
deposited on top of the SOI rib waveguide separated by a diin Si0 2  buffer layer. Note 
that the final alignment between aluminium heater and the rib waveguide is complex 
because the waveguide is hardly visible underneath the SiOz, leading to potential 
misalignment or offset of aluminium heater from the top of die rib waveguide.
5.4 Summary
In summai'y, the author has described the fabrication technology available which 
enables the realisation of thkd-order Bragg grating reflection filter on SOI platform. 
The fabrication is divided into three stages: grating patterning, fabrication of SOI rib 
waveguide with small cross section and definition of die aluminium heater via a 
metallization process.
One of the main challenges to fabricate integrated Bragg grating for this work is the 
requirements of submicrometer grating period over a relatively small cross sectional 
waveguide. The grating patterns for a pai'ticulai' filter aie designed for a 
predetermined grating strength. Stitching errors at field boundaries correspond to 
phase errors along the grating which in tuin distort the filter’s spectial response. A 
comprehensive study of the influence of stitching eiTors on the Bragg grating filter 
performance has been provided by Hasting [5.16]. The degree of distortion depends 
on the magnitude of the phase error and its location with respect to quarter-wave shift. 
Therefore, precise conhol of die grating period uniformity across the grating length is 
vital for the operation of this grating filter.
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Chapter 6
Ask and it will be given to you; seek and you will find; knock and the door will be 
opened to you. Matthew 7:7
6 Experiment Techniques
6.1 Introduction
This chapter is focused on the experimental techniques used for measuring tlie 
fabricated devices to evaluate experimental data and simulation predictions. The 
procedmes of sample preparation suitable for waveguide dimensions up to several 
micrometers aie presented with polishing grid up to 50nm resolution. Reflectivity 
calculations aie derived from the measiued reflected power from the Bragg grating 
devices, and include measurement uncertainties contiibuted by tlie fibre to waveguide 
coupling efficiency, fabricated waveguide tolerances and Fresnel reflections. The 
chapter concludes with presentation of thermo-optic modulation procedure applied to 
reflectivity measurement to observe the tuning range of the Bragg grating filters.
6.2 Samples Preparation
Experimental procedmes which utilise end fke coupling excitation of waveguide 
requiie high optical quality waveguide facets. It is possible to achieve reasonable end 
face quality by cleaving SOI wafers but this method is not reliable and the sample can 
be damaged. Polishing is the most common method of preparing a waveguide facet. 
The sample endface is polished by lapping with abrasive material. It is important tliat 
polishing process must remove the damage intioduced by previous steps by using 
successively finer abrasive particles to achieve a smooth surface. Polishing procedures 
vary according to the device dimensions. The main objective is to yield highest 
possible optical quality of the facets of the waveguide in order to reduce optical 
scattering loss.
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13mm
9mm
Figure 6-1: Single chip with dimensions consists of 12 devices with variation of grating length
ranging from 500pm to 3500pm.
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Figure 6-2: Schematic diagram of sample mounted on the polishing aluminium holder.
Before embarking on the polishing procedure, the diced chip (sample) measuring 
117mm‘ as shown in Figure 6-1 is mounted on the side of a custom made aluminium 
sample holder using wax heated to approximately 100°C. The sample holder 
comprises two parts, a base and an upper section where the samples were mounted. 
Two drilled holes on the upper section of sample holder enable the user to handle or
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reverse the unit to polish the other side of the facet without damaging the samples. A 
dummy sample is also adhered on the other side of the upper section of sample holder 
in order to provide mechanical support during the polishing process. Figure 6-2 
illustrates the arrangement, which was assembled on a thermostatic hot plate and then 
allowed to cooling before further processing. The samples extended out 
approximately 0.5mm from the upper section of the sample holder. Increasing the 
protruding distance of the sample from base has a greater risk of the sample being 
detached from the sample holder during the polishing procedure; therefore care must 
be taken to keep this distance to a minimum according to the intended grinding length 
and polishing requirements.
6.2.1 Polishing Technique
A polishing procedure has been formulated to obtain good quality facets for SOI 
waveguide dimensions in the region of 1.5pm in height. At end of each stage of the 
polishing procedure, the facet quality of the sample was observed under a high 
magnification microscope. Example images are shown in Figure 6-4.
R oM ng ml 
anU-olockwlm.
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Figure 6-3: (a) METASERV 2000 grinder polisher and (b) Polishing of samples in progress
This sample preparation procedure was developed through observation, trial and error. 
This optimum method comprises grinding and polishing. The same procedure is
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repeated on the opposite surface by reverse mounting of the fixture witliout removing 
the sample from the holder.
Once both the device under test and dummy sample were strongly adhered to the 
holder after the wax had cooled down, the samples were levelled by hand using 1200 
grit silicon carbide (SiC) paper and water lubrication. The hand levelling process 
using coarse grit SiC paper is required to remove or grind away excessive silicon to 
reduce polishing time since the actual device structures were at least 1mm away from 
the facet of the diced sample. The same procedure was repeated on tlie second facet 
for 1 minute.
The sample holder was tlien mounted in a METASERV® 2000 grinder polisher which 
is illustrated in Figure 6-3 (a). The sample fixture was positioned approximately in the 
middle section of the polishing wheel and the polishing wheel was rotated anti­
clockwise at lOOipm. Care must be taken to ensure the rotation of polishing wheel 
always moves toward the top surface of sample and polishing pressure was not 
excessive (see Figure 6-3 (b)). If it moves away, it will inevitably break off or chip 
away the top layers of the SOI samples. The pressure applied is determined by the 
ring on the clamper pressure indicator; in this instance, the pressure applied is fixed at 
ring number 2 which corresponds approximately to 10 Newtons with 4000 grit SiC 
paper for 5 minutes. The resulting facet quality of the sample at this stage is is shown 
in Figure 6-4 (a).
In order to improve the quality of the polished samples, finer resolution polishing 
paper is required for the subsequent steps of the procedure until resolution of tlie 
polishing grid is smaller tlian the device dimension in die final step. Next, lp,m 
resolution aluminium oxide is used for approximately 8 minutes and clamping 
pressure ring is fixed at number 3 (15 Newtons). In this step, siu'face roughness of the 
samples required constant visual inspection of die facet quality using high 
magnification (200x) of optical microscope. This is shown in Figure 6-4 (b).
The procedure tiien proceeds to the next stage with finer polishing resolution until 
after visual inspection of the facet quality, die facet is sufficiently smoodi. The
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samples were then polished using 300nm and 50nm grit paper for 20 minutes with 
pressure ring fixed at number 4 (20 Newtons). Figure 6-4 (c) and (d), indicate the slab 
and the rib waveguide with sufficiently good optical surface using this formulated 
polishing procedure by observing the surface roughness at substrate of the devices. 
This formulated procedure is simplified and described in Table 6-1. Once the 
polishing procedure is completed, the samples were removed from their sample holder 
by heating on thermostatic hot plate (120°C) and followed by immersing of the 
sample in acetone to remove any remaining wax. The facet of the sample is carefully 
wiped with Acetone using cotton buds to avoid any accidental chipping of the 
waveguides.
Figure 6-4: Optical microscope images of facet quality with grid resolution of (a) 5pm (b) 1pm (c)
300nm (d) 50nm
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Table 6-1: Polishing techniques for SOI rib waveguide with overlayer thickness of 1.5pm.
Polishing
Stage Type of Grid Pad
Polishing
Duration
(mins)
Clamping
Pressure
Grid
Resolution
(nm)
1 Silicon Carbide 1200 1 Hand levelled 19000
2 Silicon Carbide 4000 5 ION 5000
3 Aluminium oxide 8 15N 1000
4 Aluminium oxide 20 20 N 300
5 Aluminium oxide 20 20 N 50
6.3 Experimental Techniques
In this section, an introduction to optical measurements is given which focuses on the 
characterisation of the Bragg grating filters. For waveguides and Bragg gratings filters 
with small cross section area, the uncertainty in the fibre to waveguide coupling loss 
makes it difficult to characterise propagation loss over small lengths. A numerical 
simulation using BPM is presented that predicts the coupling loss as a result of 
positioning between fibre and waveguide, and fabricated waveguide geometry 
variation. The propagation loss of the optical waveguides was evaluated using the 
Fabry-Perot resonance method. Since reflective waveguide filters are sensitive to 
fabrication variations, filter analysis techniques combined with post-fabrication 
methods are critical to successfully demonstrating optical filters predicted by 
numerical simulation. The thermo-optic characteristic of the Bragg grating filter was 
also investigated using Joule heating via an integrated aluminium heater.
6.3.1 Coupling Loss
When the input optical fibre is perfectly aligned to the optical waveguide, the 
efficiency with which the light is coupled into the waveguide is determined by 
reflection from the waveguide facet (Fresnel reflection), quality of the waveguide 
facet and mode matching between the excitation and waveguide modes. The optical
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scattering is attributed to the optical quality of the waveguide endface. If the 
waveguide polishing procedures are implemented according to section 6 .2 .1, the 
scattering loss can be minimised and considered negligible. The mode mismatch 
between the excitation and the waveguide field can be calculated using the overlap 
integral between the field profile of a lensed fibre and the SOI rib waveguide. BPM 
based optical simulation was also carried out for optimisation of the excitation field 
launch position to minimise coupling loss caused by spatial misalignment from input 
fibre to small rib waveguide dimensions.
6.3.1.1 Overlap of Excitation and Waveguide Field
Mode profile mismatch between the waveguide and excitation fields can be evaluated 
by overlap integral between the two fields. The coupling loss resulting from 
misalignment of the lens fibre to the SOI rib waveguide was calculated using a BPM 
based mode solver, BeamProp. Figure 6-5 (a) and (b) depict the fundamental mode 
profiles for lensed fibre with 4jim diameter and an SOI rib waveguide with an etch 
depth of 0.89pm, and a rib width of 1.0pm. The relationship between launching 
position of the input fiber (excitation field) was varied in the simulation to obtain an 
optimal position curve to achieve maximum coupling between these two fields as 
shown in Figure 6-5 (c).
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Figure 6-5: Fundamental mode profile of (a) lensed fiber mode, (b) SOI rib waveguide and (c) 
simulation results on coupling efficiency between the fiber and waveguide as a function of lens
fiber launch y-posidon and x-position.
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In addition, optimum excitation field launch positions can also be predicted in the 
simulation. At the optimised launch position of x = 0 and y = 1.0, the coupling 
efficiency can be predicted as about 57%. From the plot, it is clear that the maximum 
coupling efficiency can be maintained up to ±0 .2 % if the alignment sensitivity of the 
fibre can be controlled to ±0.2|im in launching y-position. The Melles Griot NanoMax 
XYZ micro-positioning stages are capable of manipulating the mounted input fibre 
with 5nm resolution. Hence, the predicted maximum coupling efficiency can be 
maintained for coupling of lens fibre into small cross section SOI rib waveguide.
6.3.1.2 Influence of Waveguide Geometry Variation
The relationship between mode mismatch between the launch field (input lensed 
fibre) and rib waveguide geometry resulting from fabrication variation was 
established by utilising coupling efficiency BPM simulations. Firstly, the optimised 
launching x and y-position for each waveguide geometry is determined. By using the 
optimised launching positions, the coupling efficiency resulting from variation of etch 
depth and waveguide width is evaluated.
0.75-,
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Width = 0.8 
Width = 0.9 
Width = 1.0 
Width = 1.1 
Width = 1.2
0.65-
0.60-
S  0.55-
0.50-
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0.6 0.7 0.8 0.9 1.0 1 . 1
Waveguide etch depth (pm)
Figure 6-6: Coupling loss from 4pm diameter lens fiber to 1.5pm height SOI rih waveguide as a 
function of waveguide width and etch depth.
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Figure 6 -6  gives a clear indication that mode mismatch due to waveguide geometry 
variation is highly dependent on waveguide etch deptli as compared to rib width. It is 
interesting to note that the maximum coupling efficiency predicted at 55% is 
relatively constant and is not significantly influenced by the variation of rib width at a 
waveguide etch depth of O.SOjXm. For our- waveguide dimensions, the maximum 
coupling efficiency that can be achieved is 50±1% if the rib width fabrication 
tolerance can be controlled within 50nm. As our design waveguide etch depth is 
beyond the O.SOjXm range, tlie coupling efficiency is improved as the rib width 
increases, due to stronger lateral confineiuent. However, the waveguide width cannot 
be too wide if the waveguide is to remain single mode. The single mode width for this 
case is W < 1.1 jxm as calculated earlier in chapter 3.
6.3.1.3 Fresnel Reflection
Let us consider the beam of light incident on the boundary surface between silicon 
and air* (endface of an SOI waveguide). Part of the incident light will be reflected 
from such a boundary surface while the other part will be refracted through the 
interface. The proportion of the intensities in these two reflected and refracted beams 
will depend upon the refractive index difference between the medium, the angle of 
incidence and the polarisation and dhection in which the light beam passing the 
interface (from silicon to air or from ah' to silicon). By using the Fresnel equations
[6.1], tire reflection coefficient i'te and /ym for TE arrd TM polarisation can be 
expressed as:
cos A + flf cos ^
=  (4.2)
E. 72, cos^,+/Z,. cos6>.
Using Snell’s law, botli equations (4.1) and (4.2) for TE and TM polarisation can be 
simplified to:
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tan  ^ ~  ^ 2 ) (4.4)
where /? = is the reflectivity of the interface between air and silicon. The 
dependencies for the reflection coefficients, R are given in Figure 6-7.
100-1
9 0 -
8 0 -
7 0 -
6 0 -
5 0 -Ioc
TE
TM
0 10 20 30 40 50 7060 80 90
Incident Angle(degree)
Figure 6-7: Reflection coefflcient as a function of incident angle for air/silicon interface.
We can observe from the figure that for the light propagating at normal incidence 
from the air into the silicon, there is no difference between the TE and TM 
polarisation. If we introduce coupling of fibre onto the facet of the silicon waveguide 
at near normal incidence, we can deduce equations (4.3) and (4.4) as:
R = —n^ (4.5)
For an silicon/air interface, this reflection R is approximately 31%, which can be 
translated to an additional loss of 1.6dB per interface. A thin film antireflection 
coating can be inserted between two media to reduce the loss introduced by Fresnel 
reflection. Antireflection coatings work by producing two reflections which interfere 
destructively with each other (180° out of phase). A single quarter-wavelength (X./4) 
thickness coating of optimum index can greatly eliminate reflection at one wavelength 
of interest. It can be shown that for normal incidence, the net reflectivity is given by
[6.4]:
6 - 1 0
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R = n,n^-n^ (4.6)
where Mar is the refractive index of the antireflection coating. The reflectivity R can be 
reduced to zero if:
(4.7)
For a silicon/air interface this means that Mar needs to be approximately 1.87. Silicon 
oxynitride (SiOxNy) can be used as an antireflection coating with a variety of 
refractive index ranging from 1.46 (SiO]) to 2.05 (Si3N4) by changing the relative 
oxygen and nitrogen concentrations. Alternatively, Hafnium dioxide (HfO]) is another 
suitable candidate for antireflection coating application with refractive index value of 
1.89 at wavelength of 1550nm. Figure 6-8  shows the calculated reflection spectrum
[6.2] of HfO] as a function of wavelength with }J4 thickness of 205nm. It can be seen 
that we can keep the reflectance below 0.1% over a wavelength range of lOOnm. By 
introducing coating thickness tolerance of ± 10nm, we can also predict the behaviour 
of the reflectance as a result of deviation from the design value.
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Figure 6-8: Reflectance spectrum of Hafnium Dioxide (HfOz) a single quarter-wavelength stacks 
of 205nm in thickness as anti-reflection coating on the facet of the SOI rib waveguides [6.2].
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6.3.2 Waveguide Losses
The commonly used technique to prepare the facets of an optical device is polishing 
as discussed in section 6.2.1. Both facets were polished normal to the waveguides to 
facilitate the measurement of propagation loss using tlie Fabry-Perot (FP) resonance 
method. The waveguide forms a Fabry-Perot cavity when the chip facets are polished 
normal to the waveguide due to the multiple internal reflections between the air and 
silicon interface along the waveguide and back. By measuring the spectral response of 
this cavity, it is possible to estimate the waveguide propagation loss. The relationship 
between the transmitted optical intensity (//) and the incident light intensity (/o) in FP 
cavity can be described as [6 .1]:
-a L
f -  ^  w" (l--Re"“^ ) +4R e^^sinN ^
where R is the facet reflectivity, L is the waveguide length, a  is the loss coefficient 
and is ^ the phase difference between successive waves in the cavity. The equation
(4.8) goes through a periodic value of maximum when (^=0 or multiple of 2tc, tlius 
yielding:
When 0 —TZ, the equation yields a periodic minimum value, that is:
4  ( l - R e - “^ ) % 4 R e ( l + R e ' " ' ' ) ^
The ratio of maximum and minimum intensity distribution can be related by:
^  I  ( l  +  R e - “ M '
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If the reflectivity R is known, we can evaluate the loss coefficient, a  of the waveguide 
by arranging equation (4.11) as:
1 ,cx =  InL (4.12)
The value of intensity distribution in the Fabry-Perot cavity is periodic when phase 
<}) passes through multiples of 2jt. This is usually achieved by varying the wavelength 
of the light source within the Fabry-Perot cavity of the device under test. The transfer 
function of the Fabry-Perot cavity in equation (4.8) is plotted in Figure 6-9 for 3 
different reflectivities by Reed et at. [6.1]. The reflectivity values plotted were 0.1, 
0.31 and 0.5, with oL = 0.023 which corresponds to an approximate loss of 0.1 
dB/cm.
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Figure 6-9: Fabry-Perot transfer function for different reflectivity [6.1]
By observing the distortion of the spectral response, a Fabry-Perot scan also provides 
additional information about whether the waveguide is single mode, slightly 
multimode or highly multimode. If the waveguide is operating under single mode 
conditions, the spectral responses will exhibit solid curves as indicated in Figure 6-9. 
If additional interference or distortion is observed, this indicates the waveguide is
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multimode. Nonetheless, it is not possible to quantify the number of modes operating 
within the waveguide. Numerical simulation of the single mode condition according 
to the fabricated waveguide dimensions will provide information about higher order 
modes operating within the waveguide which we can correlate with the experimental 
observation.
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Figure 6-10: Experimental setup for the Fabry-Perot resonance method to measure waveguide
propagation loss.
The waveguide propagation loss experimental setup is depicted in Figure 6-10. A 
tunable light source (TLS) operating in the wavelength range, A= 1510-1620nm from 
Agilent 81640A which has an optical power meter module, is coupled into the 
waveguide under test by a microscope objective lens with 63x magnification. The 
outgoing beam of the waveguide is imaged onto the infrared camera by the 40x 
magnification objective lens and the partially reflecting mirror, which can be tilted 
and translated in beam direction to the optical power meter. The combination of 
image acquisition of the facet of waveguide at the outgoing beam and observation of 
optical power measurement enable efficient coupling from the light source to the 
device under test. The polarisation half wavelength rotator enables the polarisation 
direction of the incoming beam to be rotated, hence controlling and determining the 
polarisation state (TE or TM) of the laser source during the experiment.
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6.3.3 Reflection Measurement
The experimental setup for characterisation of SOI Bragg gratings is shown in Figure 
6-11. Agilent 81640A TLS is connected to fibre polarisation rotator via the 
connection of Port 1 of Optiwork optical circulator {X = 1530-16lOnm). Port 2 of the 
circulator is then connected to OZ Optics tapered polarisation maintaining lensed 
fibre, placed on top of the tapered grooved fibre holder. The holder is then mounted 
on top of the NanoMax-TS three axis stage which allows the manoeuvre of the fibre 
in its X, y  and z directions. The NanoMax-TS three axis stage is then connected to the 
piezoelectric actuators for precision control.
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Figure 6-11: Experimental setup to measure the SOI rib waveguide Bragg gratings reflection
spectrum.
An optical circulator is used to collect reflectance from the SOI Bragg gratings by 
diverting the reflected wavelengths Xb, which satisfy Bragg condition and transmitted 
all other wavelengths. The reflected light is collected by the same lens fibre back to 
Port 2 and emerges from Port 3 of the circulator. The grating spectral characteristics 
are analysed using data acquisition software interfaced with the optical power 
modules from the TLS mainframe, where a wavelength scan is performed.
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The middle stage consists of the NanoMax-TS three axis stage where the grating 
device under test (DUT) is placed. A microscope is situated above the DUT which 
allows movement in the x and z direction in order to locate the waveguides. The 
microscope is connected to a monitor to facilitate the ease of alignment of the fibre to 
the waveguides.
In the output stage of the setup, light transmitted by the grating device is collected by 
40x objective lens focused on the MicroPhysic infrared camera to ensure optimal 
alignment and coupling of light between the input lens fibre and the grating device. 
An alternative setup that uses a singlemode fibre to replace the focusing lens is 
considered. This singlemode fibre is mounted on top of the NanoMax-TS three axis 
stage to collect the transmitted optical output power from the devices. A broadband 
amplified spontaneous emission (ASE) light source can be used to replace the TLS to 
observe the spectral response of the grating without going through the time 
consuming wavelength scan. The grating both reflects and transmits the broadband 
light source, depending on the designed grating period. The output from Port 3 of the 
circulator is then connected to an optical spectrum analyser (OSA) to analyse the 
spectr al characteristic.
6.3.4 Evaluation of Reflectivity
Since tlie reflected signal is travelling in the same waveguide as the input, an optical 
ch'culator is used to separ ate it from the input. Figme 6-12 illustr ates the experimental 
setup for the calculation of reflectivity of the Bragg gratings where lensed fibre is 
used on both input and output o f the grating devices to maximise coupling efficiency. 
The experimental setup is similar* to Figure 6-11 except tlie output focus objective lens 
is replaced by polarisation maintaining lens fibre. In order to calculate the reflectivity 
of the Bragg gratings, tlie reflection power, Pr at port 3 of optical ckculator and the 
transmitted power, P, from the output of the Bragg gratings device are recorded. The 
measured transmitted power at the output, Pt effectively includes two fibre to 
waveguide coupling losses, two Fresnel reflection losses, waveguide propagation loss 
and scattering loss from gratings.
PL=P,n-P> (4.13)
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where Pl is the total insertion loss of the measurement setup. Hence, the transmission 
measurement at non-resonance of Bragg wavelength, Xb through Bragg gratings is 
useful to obtain a reference power level for calculating reflectivity of the gratings.
Optical
( i r c u la lo r
Reflection
j j c l e c lo r
Lens Fibre TransmissionIIIIIIIIIIIIIU Deteaor
P c - P ,
Waveguide loss
2x Fibre to waveguide coupling loss
2x Fresnel loss
Scattering loss from gratings
Figure 6-12: Experimental setup to determine Bragg gratings reflectivity using transmitted and
reflected power measurement.
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Figure 6-13: Optical circulator port 2-3 insertion loss measurement
The reflected signal from the Bragg gratings travels back to port 2 again after 
experiencing the reflectance of the gratings and is directed to port 3 of the circulator 
before being detected by the optical power meter. The reflectivity calculation must 
take into account insertion loss of the optical circulator from port 2-3 as shown in 
Figure 6-13. Thus, the reflectivity of a reflective filter can be determined by 
normalising the reflected power passing from port 2-3 of the circulator with the 
transmitted reference power level measured at the output of the DUT.
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6.3.5 Thermo-Optic Tuning
The high thermo-optic coefficient in silicon implies that the change o f refractive index 
in the material can be introduced by temperatuie. Typically, temperature tuning of the 
waveguide is achieved by thermoelectric cooler (TEC) heating up the whole DUT. 
However, the overall device dimension can be reduced by introducing an integrated 
aluminium heater fabricated on top o f tlie silicon waveguide Bragg gratings separated 
by the planaiised Si02 layer for thermo-optic tuning. The temperature dependence of 
resonance wavelengths o f a Bragg grating, Xb in a silicon waveguide covered with a 
top Si0 2  cladding will induce a wavelength shift o f the peak reflection from the 
gratings.
I
A m m eter
“pad
VoltmeterDC
P = IxV
Figure 6-14: Circuit diagram o f resistive heating setup
Joule heating occurs when an electrical current is passed through a material and the 
material's resistivity causes heat generation. Figme 6-14 illustrates the schematic 
circuit diagram to accomplish temperatme tuning by supplying the curxent across the 
heater. The aluminium heater and contact pad resistance were in series with an 
ammeter to provide measurement o f the ciuTent and par allel to a voltmeter for voltage 
measurement across the heater. The cmient and voltage measurement will enable the 
estimation of driving power requhement to control specific wavelength shift in the 
Bragg grating filter. The two connecting dots in the circuit diagram are replaced by 
two probe tips contacted to the 200p,m^ contact pad on the device surface in practise. 
One o f the probes is positioned on the common contact pad which provides electrical 
conductivity across the waveguide heater for Joule heating.
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Figure 6-15: Experimental Setup Layout for thermo-optic tuning o f waveguide based Bragg
grating filter.
Figure 6-15 illustrates the experimental setup which combines the Bragg gratings 
reflectivity measurement described in Section 6.3.3 and thermo-optic wavelength 
tuning for the grating devices. A TEC was mounted on the sample holder using a thin 
layer o f adhesive to minimise thermal gradient across the interface. The aluminium 
diving board shaped holder not only provides mechanical support for the TEC but acts 
as a heatsink to dissipate thermal energy during heating o f the device under test. 
Another smaller size aluminium block was put on the Peltier cooler using permanent 
thermal adhesive and a thermistor was mounted using thermal grease for temperature 
feedback to the temperature controller. The Peltier cooler is driven by a temperature 
controller (ILX Lightwave LDT-5900) to maintain DUT substrate temperature at a 
desired level. The temperature reading in the controller was accurate to 0.1 °C. A 
thermistor with lOkD resistance and lOOpA sensing current was chosen, which is
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capable o f maintaining the temperature between -6°C to 54°C using a 5A drive 
cm ient from the temperature controller. The dotted lines in Figure 6-15 which link in 
series with ammeter to the aluminium waveguide heater represent two metal probe 
tips positioned on both heater contact pads. In order to ensme good contact between 
both probes and heater contact pad, a digital multi meter was used to measure the 
heater resistance and compared its resistance value measured from the I-V 
characteristics o f the heater. The measured heater resistance values will be presented 
in section 7.3.2 o f Chapter 7. Prior to the temperature tuning experiment, the 
temperature controller was allowed to warm up for at least 10 minutes and stabilise 
the DUT substrate temperatme to 27 °C, higher tlian ambient temperature of 20°C  
with the Peltier cooler. With the DUT in place, the reflection measmement technique 
as discussed in section 6.3,4 was implemented together with the thermo-optic tuning.
A wavelength scan of the reflection spectra o f the Bragg grating was performed 
before coimecting the driving circuit o f the grating heater. By providing suitable dhect 
curi'ent into die grating heater, it is possible to analyse the optical response o f the 
Bragg grating with different driving power. The recorded optical output power will 
exhibit a bandpass filter like behaviom* in its reflection spectrum as described in 
section 4.3.4, with driving current. The reflected power from the Bragg gratings is 
detected using the Agilent InGaAs detector (Model: 81624B). The difference in Bragg 
resonant wavelengtli prior to Joule heating and tliat that is required to achieve a Imn 
wavelengtli shift was then recorded, with the corresponding driving curxent. Thus, by 
increasing the current, the power dissipated in the series resistance o f the heater is 
increased, resulting in the heating o f the gratings and leading to the strong thermo­
optic modulation effect. The iteration of wavelength scan measmement is performed 
for each increment o f current, and hence we can observe the temperature shift o f the 
Bragg wavelengtli. Thus, the influence of driving power on temperature sensitivity of 
the grating can be determined.
6.4 Summary
In this chapter, the author has described the sample preparation prior to optical 
measurement. Through tiial and eixor and observing the waveguide facet quality at 
each polishing stage, a polishing recipe is formulated to achieve waveguide facet
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roughness down to 50nm. Hence, this polishing procedure is applicable to waveguide 
in sub-micrometer dimensions. The influence o f waveguide geometry variation and 
positioning o f the input fibre to the coupling efficiency between the fibre to 
waveguide are discussed. The experimental setup and measurement technique for 
optical waveguide propagation loss and reflection filter spectial response has been 
presented. The experimental technique for utilising Joule heating to achieve tuning 
capability o f the waveguide Bragg gratings filter via the tliermo-optic effect was 
discussed. The experimental results obtained from aforementioned measurement 
techniques will be presented in Chapter 7.
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Chapter 7
We fix  our eyes not on what is seen, but on what is unseen: For what is seen is 
temporaiy, but what is unseen is eternal 2 Corinthians 4:18 NIV
1 Experiment Results and Discussion
7.1 Introduction
This chapter is aimed to provide discussion and analysis o f the experimental results 
for tlie 3’^'* order Bragg gratings on silicon-on-insulator (SOI) waveguides. The 
waveguide gratings development effort was concentrated on the influence of grating 
etch depth in conjunction with the study o f single mode and polarisation behaviour of 
small cross sectional SOI waveguides. Therefore, there were two fabrication runs in 
this work. Both fabrication runs were based on the same physical dimensions o f SOI 
waveguides as a platform modelled in Chapter 3 where tire Bragg gratings will be 
implemented. In the first fabrication run, the objective o f the development was to 
realise 350nm and 400nm deep surface gratings on top of the SOI rib waveguides and 
the 3pm width gratings are extended to the slab region. In tire second run, the 200nm  
deep gratings ai*e confined only on top the SOI waveguides using a dual mask 
fabrication process as discussed in the Chapter 5. The fabrication process was 
performed at tlie University o f Southampton. The purpose o f these devices is to 
enable the author to compare experimental observation and theoretical simulation o f  
grating responses. Therefore, it was necessary to determine the suitable candidates 
(Couple Mode Theoiy and Floquet-Bloch Theory) for numerical grating simulation in 
high index contrast stincture such as SOI waveguides.
In section 7.2 , the results o f propagation losses o f SOI rib waveguides with 1.5pm in 
height through Fabry-Perot resonance method will be presented. This is followed in 
section 7.3 with the presentation o f experimental results for the second fabrication 
mns o f Bragg gratings and then corresponding scanning election microgiaph (SEM)
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and atomic force microscope (AFM) analysis. Unfortunately in the first fabrication 
runs o f deep gratings, the author did not observe any characteristic reflection spectra 
for any of the devices, although they exhibited optical transmission. The potential 
failure modes of the devices in the first fabrication run are investigated and presented. 
The experimental results for 3"^  ^ order Bragg gratings in small SOI waveguides are 
discussed and presented in comparison with theoretical simulation results.
In section 7.4, analysis and investigation is carried out to characterise the integrated 
thin film aluminium heater in terms of its operating current and resistance. This heater 
structure was used to induce thermo-optic change of the refractive index o f silicon 
through joule heating, leading to thermo-optic tuning of the Bragg grating filters.
7.2 SOI Waveguide Propagation Loss
Prior to the measurement o f propagation loss o f the waveguides, both facets o f the 
straight SOI rib waveguides were polished using the polishing recipe cited in section
6.2.1 in order to minimise scattering loss from the waveguide facet. A Fabry-Perot 
(FP) cavity will be formed between the input and the output o f the waveguide as a 
result o f the polishing procedure. Subsequently, the propagation loss o f the waveguide 
is evaluated using the FP resonance method as described in section 6.3.2.
(a) (b)
Figure 7-1: The facet o f rib SOI waveguide displayed on the infrared camera at the output stage 
(a) before and (b) after the coupling from the tunable laser source.
The tunable light source is coupled into the input of the waveguide using 63x 
magnification objective lens and the output power is detected via 40x magnification
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objective lens focussed on the optical power meter. By using an image reflector at the 
output stage, the output facet o f the waveguide is imaged onto the infrared camera to 
assist in the alignment procedure as shown in Figure 7-1 (a). The aforementioned 
procedure is repeated again after turning on the laser source to maximise the coupling 
efficiency by fine adjustment o f the piezoelectric controller XYZ stage until the 
observation o f strong light confinement under the rib waveguide as shown in Figure 
7-1 (b). The transmission power o f the straight waveguides was collected by the 
optical power module connected to the data acquisition software after initiating the 
wavelength scan from the tunable laser source. The length of the straight waveguides 
used in the propagation loss measurement was measured using a Mitutoyo Series 500 
Metric Caliper with an uncertainty o f ±20p,m. The length o f the waveguide is 
typically in the range o f 500 -  550p,m depending on the polishing procedure.
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Figure 7-2: Measured Fabry-Perot transmission spectrum for a 520pm in length straight SOI 
waveguide in TE polarisation and theoretical fit for 510pm (red) and 530pm (blue).
The power o f the transmission spectrum was measured by performing a wavelength 
scans o f the FP cavity as shown in Figure 7-2 . The measured transmission power is 
normalised against the input optical power to take into account the wavelength drift 
and non uniform optical power o f the laser source in the wavelength range o f interest. 
The propagation loss coefficient o f the waveguide, oris given by [7.1]:
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a  = - - I n
L
1
^im x j 
■^min
R ^max 1 1
\ ^min
(7.1)
where L is the waveguide length, R is the reflectivity between the silicon and air 
interface, and Imax and Imin are the peak and minimum intensity of each resonance 
respectively as indicated in Figure 7-2. The theoretical transfer function of the FP 
response for the 510|im  and 530|xm straight waveguide is plotted in the same graph to 
compare with the measured FP resonance in transmission power. It shows a relatively 
good agreement between the theoretical FP transfer function and the measured 
transmission power. The ratio o f maximum to minimum power intensity can be 
derived from the measured power transmission spectrum, whereas the value of R is 
approximately 0.31 between air and silicon interface and the length o f the straight 
waveguide is measured at 520|xm. Hence, we can evaluate the propagation loss o f the 
SOI waveguide, yielding approximately 4.8dB/cm for TE polarisation. The measured 
propagation loss is higher than we anticipate compared with O.ldB/cm [7.2] reported 
in the published literature.
Figure 7-3: SEM image showing an SOI rib waveguide with sidewall roughness viewed at 30°
The high propagation loss might be attributed to the scattering losses on the rib 
waveguide sidewall, which are sometimes significantly higher for small rib 
waveguides dimensions. Lee et al. [7.3] performed an extensive study on the effect of
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waveguide size and surface roughness on transmission losses in silicon waveguide 
system. The authors suggested that the losses of the waveguide increase as the 
waveguide width decreases and demonstrated the dominant component o f the 
propagation loss comes from the waveguide sidewall roughness. A SEM analysis was 
carried out to investigate our waveguide sidewall roughness. Figure 7-3 depicts the 
SOI rib waveguide sidewall roughness viewed at an angle o f 30°. It clearly indicates 
significant roughness which may lead to the high waveguide propagation loss, which 
in turn is attributed to the etching processes and stitching errors o f e-beam 
photolithography.
7.3 Bragg Grating Reflection
The reflection experiment was performed by using an Agilent 81640A tunable laser 
source (TLS) (1520-1620nm) as the input optical source which was connected to a 
polarisation maintaining tapered lensed fibre coupled into the SOI rib waveguides. 
The reflected optical signals were collected via an optical circulator connected to the 
input tapered lensed fibre and recorded by an optical power meter module o f the TLS. 
The detailed experimental setup was discussed in section 6.3.3 and a schematic 
diagram of the experiment is presented in this section again for better illustration of  
the experimental procedures (Figure 7-4). All the experiments were conducted using 
transverse electric (TE) polarisation.
Optical
Circulator
Lens Fibre
P o u t =  P t  
Waveguide loss
2x Fibre to waveguide coupling loss
2x Fresnel loss
Scattering loss from gratings
Laser Source
Reflection
Detector
Transmission
Detector
Figure 7-4: The schematic diagram layout for the evaluation of Bragg gratings reflectivity.
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7.3.1 Experimental Results
In order to obtain the reflectivity from the 3^  ^ order Bragg gratings, the input power 
range from the tunable laser source and the insertion loss o f the optical circulator at 
the wavelength o f interest needs to be investigated. Figure 7-5 (a) and (b) depict the 
input power range from the tapered lensed fibre (0.66mW -  0.83mW) and the 
insertion loss o f the optical circulator (1.29dB -  1.55dB) in the region of 1540- 
1560nm operating wavelength. The transmission measurement o f the gratings is 
essential to act as a normalising factor for the evaluation of Bragg grating reflectivity. 
The output power provided by the transmission spectrum at non resonance enabled 
the author to estimate the signal reflected by the Bragg grating at the input o f tapered 
lensed fibre. It is assumed that the transmission spectrum includes the propagation 
loss o f the waveguide, two fibre to waveguide coupling losses and Fresnel losses, and 
scattering loss from the gratings.
0.7
0.5
Wavelength (nm)
2.4
2.0
.8
1.2
1.520 1.530 1 540 1.550 1.560 1.570 1.580 1.590 1.600 1,610 1.620
Wavelength (nm)
(a) (b)
Figure 7-5: Input power from tunable laser optical source connected to (a) port 1-2 optical 
circulator and lens tapered fibre prior coupled into the Bragg gratings SOI rib waveguides and
(b) the insertion loss o f Port 2-3 optical circulator.
Figure 7-6 shows the transmission and reflection spectrum for 3"^  ^ order Bragg 
gratings with a 1500|J,m grating length over the 1540-1560nm wavelength range. The 
Bragg grating filter exhibits a characteristic “dip” at the transmission spectrum. The 
measured Bragg resonance peak wavelength was approximately at Àb =1553nm with 
full width at half maximum (FWHM) of 3.75nm and sidelobe suppression of 8dB. 
Figure 7-7 shows another reflection spectrum of a grating filter with Bragg resonance 
wavelength o f 1569nm and FWHM of 3nm. Note that both the transmission
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Figure 7-6: Experimentally measured reflected power at port 3 of optical circulator and 
transmission power at the output o f the Bragg gratings device.
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Figure 7-7: Experimentally measured reflected power showing Bragg resonance wavelength at 
1.553pm and 1.569pm with 2177 grating periods.
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and reflection power are relatively low, in tlie range less than 10)LlW. This can be 
attributed to the high fibre to waveguide coupling loss to small SOI waveguides, 
scattering loss induced by the Bragg gratings and the waveguide sidewalls. In an 
attempt to explain the low detected optical signal, we present an analytical approach 
to estimate the losses intioduced diuing the experiment. The overlap integral between 
input fibre to waveguide modes was evaluated by the beam propagation method 
(BPM) to calculate theoretical coupling efficiency yielding 56% for the best case 
scenario as discussed in section 6.3.1.1. Assuming the Fresnel reflection between the 
silicon and air interface is 0.3, the measured SOI waveguide propagation loss is 
4.8dB/cm at TE polarisation while the input power is 0.78mW at 1553nm according 
to Figure 7-5. The theoretical transmitted power of 14.7p,W was calculated based on 
the aforementioned assumption. The discrepancy between the measured transmission 
(average 4.5p,W) and tlieoretical values may arise from the deviations o f alignment 
between fibre to waveguide coupling and exclusion of grating scattering losses in the 
theoretical studies.
During the investigation o f Bragg reflection, the majority o f the Bragg gratings do not 
show good stability, caused by the thermal induced drifting o f the piezo-electric 
controlled stages, leading to the misalignment between fibre and input waveguide. 
This can be overcome by allowing the alignment stages to stabilise for at least 5 
minutes before proceeding to optimising the coupling again to repeat the 
measurement.
7,3,2 Comparison of Theory and Experimental Results
As stated previously, two fabrication runs were used to realise two types of Bragg 
gratings which differ in the location o f grating implementation. The first successful 
fabrication run comprises Bragg gratings with a period of 0.687p.m realised on top of 
the SOI waveguides where the deep grating etch in the region o f 350-400nm extended 
to the slab region [7.4]. Although tliese devices worked optically, they did not exhibit 
any characteristic reflection spectra as predicted by the theoretical FBT and CMT 
shuulations. In the second fabrication run where the successful realisation of shallow  
Bragg gratings measiuing 200nm in depth were confined only on top o f the SOI
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waveguides. Some of these grating devices exhibited sufficiently good reflection 
spectra for comparison with theoretical prediction. In order to perform a good 
comparison between the theory and experimental results among those working 
devices, both SEM and AFM analysis were used to study the Bragg gratings surface 
features such as grating period and etch depth. The analysis also extended to those 
non functional devices in the first fabrication run and possible corrective actions are 
suggested to overcome problems. The SEM analysis is performed using an FEI 
Quanta 200F, whereas AFM analysis was conducted using a Digital Instrument 
Dimension 3100, both at the Advanced Technology Institute, University o f Surrey.
Figure 7-8: SEM image of fabricated SOI rib waveguide structure with 1.36pm in height, etch 
depth o f 0.86pm and width o f 1.00pm. The top SiO; cladding layer is approximately 200nm from
the top o f the waveguide.
Figure 7-8 depicts the waveguide dimensions o f SOI waveguides on one of the 
functional devices which exhibited good reflection characteristics in the second batch. 
The fabricated waveguide height o f 1.36p.m deviates from the intended design value 
of 1.5fim due to over etching o f the guiding layer during the grating etch process. The 
variation of the fabricated geometry will inevitably influence the overall effective 
index (Neff) of the waveguides, leading to the change of Bragg resonance condition. 
Since the waveguide dimensions were taken from the operational devices, they will be 
used as a reference for FBT grating modelling for comparison with experimental 
observations.
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Figure 7-9: SEM images o f fabricated gratings with grating periods o f 0.689pm view at 32.8 tilt 
angle after the top cladding SiOi layer was removed by buffered HE. The higher magnigication 
image o f the gratings revealed that the gratings are conflned only on top o f the rib waveguide.
The SiO] layer on top of the SOI waveguide structure featured in Figure 7-8 was 
subsequently stripped and removed by buffered HF in order to reveal the grating 
structures hidden beneath it (Figure 7-9). The thermal isolation trenches are clearly 
visible from the SEM which is placed approximately 6p.m from the rib waveguide. 
There are two further close-up SEM images overlaying on the overall view of the 
Bragg gratings structures. The first close up image shows the top view o f the grating 
with grating period estimated at 0.689p,m and a waveguide width o f 1p.m. Although 
the waveguide width is consistent with the previous SEM analysis, the irregular and 
wave-like shape of the sidewall suggests the grating implementation further increases 
the surface roughness o f the waveguide. The subsequent zoom in SEM image 
successfully demonstrated that the gratings are only confined on top of the small cross 
sectional SOI waveguides. The additional tilted inset image clearly shows the grating 
induced sidewall roughness which is in consistent with previous observations. Since it
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Figure 7-10: AFM images o f 2pm scan for gratings sample in second fabrication run showed 
grating period of approximately (a) 0.696pm with grating etch o f 190nm (b) 0.700pm gratings
period with etch depth o f 180nm.
7-11
Chapter 7: Experiment Results and Discussion
Figure 7-11: 3D Bragg grating structure with gratings period of 0.689pm using AFM scanning 
data shows the residual SiOz remaining in the grating trenches.
is difficult to accurately determine the grating etch depth and period with SEM tools, 
AFM analysis was performed to further examine the Bragg grating features. Both 
AFM images in Figure 7-10 (a) and (b) show 2p.m scans for two different Bragg 
grating period o f 0.696^Lm and 0.700p,m and their corresponding grating depth of  
190nm and 180nm with grating duty cycles of 58% and 50%. Note that the grating 
depth measurement is limited by the length o f the AFM tip where short probe tip is 
unable to reach the end of the grating “valley”, which means that high aspect ratio 
grating measurement cannot be accurately performed. This is further complicated by 
the fact that not all o f the SiO] top cladding layer was removed, adding some 
uncertainties in attaining grating etch depth. This issue is clearly shown in Figure 7-10 
(a) and (b) indicating the irregularity o f the Bragg gratings etch depth. Figure 7-11 
further demonstrates the residual SiO] problem by reconstruction of a 3D image of the 
grating using AFM data for a Bragg gratings period of 0.696pm.
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Figure 7-12: Comparison of FBT Bragg gratings simulation results and measured reflectivity for 
grating etch depth of 220nm with duty cycles of 50% and 58% .
As the designed and fabricated Bragg grating devices are working in 3^ order, the 
simulation in section 4.3.1 suggested that the maximum reflectivity achievable is 
much smaller than that for the order grating with the same refractive index 
contrast, grating depth and grating length. Figure 7-12 shows the measured maximum 
reflectivity is 0.42 for grating length o f 1500pm and grating period o f approximately 
0.689pm. The corresponding grating and waveguide dimensions determined in 
previous SEM inspections were used to simulate the spectral response by FBT with 
different grating duty cycles and these are presented on the same figure for 
comparison purposes. The calculated reflection peaks and spectral shape are relatively 
similar except the measured FWHM results o f 3.75nm are much broader than the 
predicted values o f 1.7nm when duty cycle o f grating is 50%. The broadening of the 
bandwidth might be attributed to chirp and non uniformity o f the fabricated gratings 
on the waveguides.
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Figure 7-13: The effect o f chirp gratings on the reflection spectrum of the Bragg grating Biter.
The chirp can be defined as a non-periodic grating pitch, displaying an increase in 
spacing between grating planes. The simplest type of chirped grating structure is 
where the variation in the grating period is assumed to be linear:
A (z ) = Ao + A,z (7.2)
where Ag is the starting period and A, is the linear change along the length of the 
grating. Typically, the linear chirp grating is associated with chirped value per unit 
length, A, which is normally known as chirp coefficient:
A{z)  = A q + where
=
AA
(7.3)
(7.4)
where the local period is Ao at the center o f the grating, and changes a total o f AA 
over the length o f the grating, L . Note that the coupling coefficient and period of the 
linearly chirped gratings vary along the z direction, K(z) and A(z) depending on the z. 
We can consider such grating structure is made up of a series of smaller length
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uniform Bragg gratings increasing in period. Since it is difficult to calculate and 
determine the chirp rate of the grating based on the fabricated gratings for numerical 
modelling, this is further complicated by the fact that our current FBT algorithm [7.5, 
7.6] is unable to incorporate chirp gratings. However, we can demonstrate the 
influence of chirp grating on the reflection spectrum by comparison of a grating with 
chirp coefficient o f 0.001 and uniform grating using CMT simulation as shown in 
Figure 7-13. It is clear that the gradual incremental of grating period along z-direction 
almost double the bandwidth from the grating without the chip effect. This might 
provide an explanation of the bandwidth broadening observed in the experimental 
results shown in Figure 7-12.
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Figure 7-14: Reflection spectral response for 3"* order Bragg grating with 1500pm grating 
length, etch depth o f 190nm and gratings period of 0.696pm.
Figure 7-14 depicts the reflected spectral response for grating period of 0.696pm  and 
grating etch depth of 190nm. The measured maximum reflectivity o f 0.28 is much 
lower than 0.4 as predicted by FBT simulation for a grating duty cycle o f 50%. If the 
grating duty cycle of 58% was used to estimate the spectral response in accordance 
with grating dimensions in AFM image of Figure 7-10 (a), the corresponding 
maximum reflectivity is closer to the measured results only with narrower FHWM. 
The influence o f grating etch depth and grating period on the Bragg condition is
7-15
Chapter 7: Experiment Results and Discussion
apparent, where grating depth induced effective index changes causing a Bragg 
resonance wavelength shift from 1553nm to 1569nm. The variation of Bragg 
resonance wavelength may also be attributed to the effect of stitching errors which is 
typically occurring in the fabrication of Bragg gratings by electron beam lithography. 
Tervo et a l  [7.7] took the grating stitching errors into account for Bragg grating 
simulation and showed that the peak reflectance o f the fundamental guided mode is 
shifted towards longer wavelength o f approximately 0.4nm, when positive stitching 
error o f 20nm was included in their analysis.
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Figure 7-15: Reflection spectral response for 3"* order Bragg grating with 1500pm grating length, 
etch depth o f 180nm and gratings period o f O.TOOjiun.
Figure 7-15 indicates better agreement between the FBT calculations and the 
measured 3^ “^ order Bragg gratings with 50% duty cycle and approximately 0.700pm  
grating period according to AFM data in Figure 7-10 (b). The influence o f duty cycle 
on the maximum reflectivity and FWHM are clearly shown in the graphs. The 
increment o f duty cycle reduces the maximum reflectivity achievable by the gratings 
etch, at the same time narrowing the spectral response o f the gratings. Figure 7-16 
plots the calculated and measured Bragg resonance wavelength as a function of 
grating period variation. The Bragg resonance wavelength exhibits a linear
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relationship with grating period where they show excellent agreement between the 
calculated and measured results. It is well known that the CMT predicts that the peak 
reflectivity o f a Bragg grating is:
=  tanh" (* • / . ) (7.5)
where L is the grating length and k  is the grating strength. Using this relationship, 
commercial available optical software, GratingMOD was used to predict the Rmax 
from the grating depth and the known grating length.
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Figure 7-16: Bragg wavelength, Àb  shows a linear shift as a function of grating period between 
simulation and measurement results, while the line is regression fit.
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Figure 7-17: The maximum reflectivity as a function o f the grating etch depth as calculated hy 
Floquet-Bloch Theory and Coupled M ode Theory in comparison with experimental results.
Figure 7-17 shows the influence o f grating etch depth on the peak reflectivity in 
comparison with FBT simulation and experimental results for grating length o f  
1500|uim. Error bars on the data are obtained by repeating the measurement of the 
same device for the evaluation of the peak reflectivity. The measured data agrees 
reasonably well with that predicted by the FBT in comparison with CMT. This result 
agrees with the hypothesis that, CMT technique is only suitable when grating 
perturbation is weak and refractive index contrast is low. A more complete range o f  
grating etch might be needed to systematically evaluate the maximum achievable peak 
reflectivity which is induced by both weak and strong grating perturbation. Although 
the first fabrication run was intended to fabricate deep gratings (350-400nm) none o f  
these devices exhibited any characteristic reflection spectra. Hence, the non functional 
devices were subjected to visual inspection to find out the failure mode and allow a 
recommendation to be made as to how to overcome these issues.
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7.3.3 Analysis of Non-Functional Devices
Figure 7-18: A series of SEM images o f SOI rib waveguides with misalignment o f 3'^ *’ order Bragg 
gratings embedded on the slab and rib waveguides region.
As mentioned earlier, the first fabrication run is based on the implementation of Bragg 
gratings on top of the SOI rib waveguide and extended to slab region. It has been 
successfully demonstrated numerically [7.7] that grating perturbation on the slab 
region provides additional effective index modulation in addition from the top rib 
waveguide region to achieve high reflection to the gratings. In practice, gratings suffer 
from high scattering loss, stitching errors and grating misalignment from poor
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fabrication, which prevents the reflection from the gratings being measured. These 
findings are consistent with those o f Aalto’s [7.8] where the author was unable to 
demonstrate successful gratings experimentally, when grating modulation was 
extended to the slab region. The SiO] top cladding layer was removed by buffered HF 
prior to any SEM analysis in order to avoid the charging effect from disrupting visual 
inspection. Figure 7-18 depicts a series o f SEM images of Bragg gratings on SOI 
waveguides with grating misalignment. These images indicate gradual steps o f  
misalignment slowly evolving from the one side o f the slab region to the other side on 
the same chip. This systematic misalignment can be observed right across the wafer 
leading to low yield. The alignment between the 3|xm wide grating patterns over 
relatively small waveguides appears to be more problematic than we anticipated. To 
address this issue, we employed dual mask grating fabrication techniques as proposed 
by Lim et al. [7.9] where the first etch run defines the grating features and a second 
etch defines the waveguide by etching away the grating on the slab region hence 
forming rib waveguides.
Figure 7-19: Top view of SEM images show (a)-(b) misalignment and (c)-(d) gratings 
implementation of 3'^ '' order Bragg gratings on both top and slab region of SOI waveguides.
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Figure 7-19 (a) and (b) show the intersection between the Bragg gratings and straight 
SOI waveguide at the beginning and the end of the devices. The 3|im wide gratings 
clearly missed the top section of the rib waveguide by approximately l|im . This 
asymmetric grating implementation is further complicated by the fact that waveguide 
width appears to be widening to 1.5|Ltm at the intersection which dramatically changes 
the polarisation and single mode conditions o f the devices. Figure 7-19 (c) and (d) 
demonstrate the successful fabrication of Bragg gratings across the rib and slab 
regions. This class o f devices were polished using the polishing procedure described 
in 6.2.1 which is more than sufficient for waveguide device measurement o f 1.5|xm in 
height. These devices exhibit transmission intensity after coupling from fibre to 
waveguide as shown in Figure 7-20 but not the characteristic reflection spectrum from 
the Bragg gratings. The output intensity o f transmitted power is collected and 
collimated using a 40x objective lens. This objective lens was selected to image the 
output waveguide facet for coupling purposes prior to directing it into an infrared 
camera. The camera was also used to determine the confinement o f light at the output 
waveguide. From Figure 7-20 (a) and (b), it is apparent that the optical power is 
confined under the rib region but higher optical intensity from either side o f the slab 
region was also observed. This observation suggests that the effective index 
modulation induces high scattering comparable with the guided optical mode. The 
realisation of Bragg gratings confined to the top of the rib waveguides for effective 
index modulation enable minimisation of the scattering induced by the grating on the 
slab region and waveguide sidewalls.
Figure 7-20: Output power intensity o f Bragg gratings which extended to slab region recorded by
an infrared camera.
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Figure 7-21: SEM images o f (a)-(c) silicon pillars forming at the region o f gratings on both sides 
o f the slab region where (d) 0.3pm width SOI rib waveguide instead of designed value of 1pm.
Figure 7-21 (a)-(c) show SEM images, suggesting potential contamination of the 
mask when forming gratings at the slab region. The samples were cleaved at the 
grating region to clearly illustrate the issue. This may be attributed to the residual 
mask in the grating patterns left during the silicon etch to define the rib waveguides 
structure which causes micro-mask formation leading to growth of vertical silicon 
pillars. The SiO: layer of these samples was stripped and cleaned prior SEM visual 
inspection. A close up view of image at Figure 7-21 (c) confirmed the forming of 
silicon pillars. Figure 7-21 (d) depicts narrowing waveguide width from the designed 
value o f lp.m suggesting that the photoresist is not sufficiently thick to prevent 
erosion leading to under etching and the reduction of waveguide dimensions.
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7.4 Characterisation of Aluminum Heater
In this section, characteristics o f the aluminum thin film heater deposited on top of the 
PECVD SiO] top cladding layer, using electrical current/voltage (I/V) analysis is 
discussed. The temperature o f the heater via Joule heating will be approximated using 
the linear temperature coefficient resistance o f the material, which in turn will 
determine the maximum current sustainable by the heater for thermo-optic tuning of  
the Bragg grating filters. Whilst some heaters were successful, others failed. The 
failure analysis o f such heaters will be presented in section 7.4.3.
7.4.1 Measured I/V and Simulated Results
The analysis o f the aluminium electrical current/voltage characteristic (W )  is 
performed by sweeping ±1V whilst measuring current in the heater. Figure 7-22 
shows a number o f fabricated aluminum heaters, where one o f the contact pads is 
connected to adjacent heater to form a common ground. The I/V measurement is 
carried out and repeated 5 times for each heater length to ensure the contact probes 
landed on the two 200pm^ contact pads does not add significant contact resistance to 
the measurement.
Figure 7-22: Top view SEM shows the fabricated aluminium heater of 600pm and 1100pm in 
length where the common ground is connected to the adjacent heater contact pads.
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Figure 7-23: Measured 1/V characteristic for aluminium heater lengths o f 2100pm and 2600pm.
Figure 7-23 shows the I/V plots for both heater length o f 2100pm and 2600pm  
yielding resistance values o f 115 .40  and 141.IQ upon linear curve fitting. The same 
approach is repeated for all other heaters across the devices. The SEM analysis of the 
aluminum heater is essential to determine heater geometry for comparison of  
theoretical resistance calculation and experimental observations. The well known 
relationship between a conductor resistance and dimensions can be expressed by:
R = p LWt (7.6)
where p  is the conductor resistivity, L is the length, W is the width and t is the 
thickness o f the conductor. Since the resistivity o f aluminium varies with temperature, 
it is taken as 2.65xlO ‘^ Q-pm [7.10] at an ambient temperature o f 20°C for the 
resistance calculation. From Figure 7-24, the SEM displays the cross sectional area o f  
a cleaved SOI waveguide with a heater thickness o f 500nm. Furthermore, it can be 
seen from Figure 7-25 that the heater width, measuring 1.1pm is displaced 
approximately 1.0pm from the top o f the Bragg gratings. This heater fabrication 
misalignment will cause a higher power requirement to raise the temperature in the 
grating filters.
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Figure 7-24: SEM cross sectional area showing the thickness and displacement of the heater from
the center of the rib waveguides.
Figure 7-25: SEM image of aluminium heater tilted at 32.8° showing heater width of 1.1pm and 
its displacement of 1pm from the top of the Bragg gratings. The surface roughness of the 
aluminium heater are clearly visible on top of the heater surface.
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Figure 7-26: Comparison of Aluminium heater resistance calculation with I-V characterisation of 
various heater length. The calculation of aluminium resistivity is based on p = 2.65x10'^Q-pm, at 
20°C , heater width of 1.1pm and SOOnm in thickness.
This inevitably will have an impact on thermo-optic tuning performance of the grating 
filters which will be the subject of discussion in section 7.5. The surfaces of the 
aluminium heaters are not smooth, as is clearly visible in Figure 7-25. The plots for 
both the modelled and experimental results of aluminium heater resistance for heater 
length ranged from 31.5fl to 205.2 Q for 600p,m to 3600pm are shown respectively in 
Figure 7-26. Both plots exhibit a linear relationship between the heater resistance 
value and heater length as predicted by equation (7.6) and close agreement with slight 
differences. The discrepancy is possibly due to the nonuniformity of the thickness of 
the heater and the forming of contact resistance between the probes and contact pads 
during the W  measurement.
7.4.2 Temperature Dependent Resistance
The heater resistance varies with temperature during the Joule heating process. It is 
desirable to make accurate measurements of the heater temperatures to evaluate the 
performance of the heater. This can either be achieved by non contact measurement 
(thermal imaging) or with a thermocouple in contact with the heater to be tested. 
Alternatively, we can approximate heater temperature by measuring the heater voltage
7-26
Chapter 7: Expeiiment Results and Discussion
and ciiirent, and hence determine its resistance during normal operation. The 
temperature influence on the resistivity of the aluminium can be expressed as:
p  = p , ( l  + a (T -T J ) (7.7)
where a is  the thermal coefficient of resistivity which can be estimated to 4.3x10' 
according to data extiacted from [7.10]. Hence, tlie temperature dependent resistance 
of tlie heater can be determined by:
R ^ R , a  + a (T-TJ) C7 8)
where Ro is the resistance value at ambient temperature. The evaluation of heater 
temperature influence on resistance can be devised by the simple setup shown in 
Figure 7-27. The DC voltage source is supplied by Wier Instrument power supply 
(30V) which has maximum current limit of lA  and internal resistance value o f 1.8kO.
I
Aimneter
0 - 3 0 V
lA Voltmeter‘source heater
Figure 7-27: Schematic diagram of aluminium heater driving circuitry to determine heater
temperature during normal operation.
For each heater length, the coiTesponding resistance value at ambient temperature is 
recorded prior to connection to the power supply unit. One should note that since the 
internal resistance of the power supply is in parallel with the measured heater 
resistance, the heater resistance at a specific temperature has to be evaluated as:
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R R  source m easured
R. - R (7.9)m easured
The heater temperature can be obtained by solving equation(7.8). Figure 7-28 shows 
the comparison between the measurement and theoretical calculation of the 
temperature of the thin film heater with L = 3100pm, heater width, W/, =1.1 pm and 
thickness of 0.5pm. Both plots exhibit a linear relationship and agree relatively well. 
The maximum achievable heater temperature is basically limited by the sustainable 
heater current without causing device failure by electromigration.
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Figure 7-28: The reference graph to determine the temperature of the aluminium heater based 
on the measurement of heater voltage and current in comparison with resistance computation 
derived from temperature dependent aluminium resistivity[7.10].
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7.4.3 Electromigration of Aluminium Heater
Destructive measurements to evaluate the maximum current sustainable by the thin 
film aluminium heaters are carried out by gradual increment of the heater current until 
the structure failed. This deliberate destructive approach is necessary to determine the 
lifetime of the heater during high current operating conditions. The heater is driven by 
a direct voltage source as described in section 7.4.2. At each increment of heater 
voltage, we must allow heater current and temperature to stabilise before recording its
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respective values. Comparison of the required drive current and its respective 
maximum current, Imax for various heater lengths are illustrated in Figure 7-29 which 
ranged from 50mA to 60mA. At these high operating current regions, the heaters can 
only sustain average operation of 5 minutes before the heater current gradually 
reduces and fails. Therefore, in order to maintain the integrity of the heater, the supply 
current has to be kept to less than 50mA to prolong the operational lifetime of the 
heater during thermo-optic tuning of the Bragg gratings filter.
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Figure 7-29: The maximum attainable heater temperature and their corresponding heater
current for various heater length.
It can be seen from Figure 7-29 that the heater with longer length tends to have higher 
maximum achievable heater temperatures. For instance, maximum heater temperature 
of 180°C for 3600pm compared with 80°C for 1100pm. This observation is consistent 
with equation (7.6) where resistance is directly proportional to heater length. In order 
to test the failure mechanism, a 2100pm aluminium heater was exposed to 60mA 
continuously until the device failed on detection of open circuit. Figure 7-30 and 
Figure 7-31 show SEM pictures of the heater after being subjected to high current 
exposure in which signs of visible deterioration and deformation of heater are 
apparent.
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Figure 7-30: SEM top view of failed aluminium heater (L = 2100pm) results from 
electronmigration after exposed the SOOnm thick heater to 60mA for 5 minutes.
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Figure 7-31: SEM side view of showing a failed aluminium heater due to voids forming by 
electromigration at high operating current.
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From Figure 7-30, there are visible signs of surface deterioration indicated by the 
higher contrast circular “holes” at the lower region of the voids where the open circuit 
of the heater occurs. This is caused by electromigration which is normally defined as 
the flow of electrons at high current causing mass transport resulting from the 
momentum transfer between the conducting electrons and lattice atoms. Aluminium 
thin films are characterised by small grains which offer high diffusivity grain 
boundary paths, making mass transport easier along these paths. This mass transport 
can lead to void growth where a depletion of atoms occurs.
The heater failure results from growth of voids over the heater line width that in turn 
causes breaking of the line as illustrated in Figure 7-31. Another region in the contact 
pads that might cause the potential failure of the heater is shown in Figure 7-32, 
where the deposition of the aluminium contact pads during the metallization process 
over the PECVD SiO] filled thermal isolation trenches is associated with the thinnest 
region across the contacts. Localised Joule heating and the highest rate of migration 
usually occurs at the thinnest part of the heater, which potentially leads to the failure 
of the contact pads.
Figure 7-32: Top view of SEM shows the deposition of an aluminium contact pad over the 
isolation trench. The grain boundaries of the polycrystalline aluminium are also highly visible.
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The flow chart in Figure 7-33 shows the electiomigration process caused by grain 
boundaries in polycrystalline aluminium. When the voids aie formed, it causes tlie 
current density to increase in the vicinity around the void because it effectively 
reduces the cross sectional area of the heater. Since Joule heating is proportional to 
the square of ciuxent density, this leads to a local temperature rise aimmd the void that 
in turn further accelerates the void growth. The whole process continues until the void 
is large enough to break the heater. It has been demonstrated by Ames et a l  [7.12] 
that doping 4% copper to aluminium results in a decrease of aluminium diffusivity 
and thus increased resistance to electromigration.
GroAvtli o f voids
Increase of temperature Increase o f local cuixent density
Increase of Joule heating
Figure 7-33: Joule heating induces electromigration process at high operating current.
7.5 Thermo-Optic Tuning of Bragg Grating Filter
Silicon based optical tunable devices such as modulators, switches and filters 
operating at a wavelength of 1.55p.m are key components to realise silicon CMOS 
compatible optoelectronics circuits for wavelength division multiplexing networks. 
Since crystalline silicon does not exhibit a lineai' electro-optic effect, silicon active 
devices use either tlie thermo-optic effect [7.20-7,22] or free carrier plasma dispersion 
effect [7.23] to change the refiactive index of silicon and to produce phase 
modulation. In this section, we report on the chaiacterisation of a 1500p,m long 
thermo-optic tunable Bragg grating filter on SOI waveguides.
A Bragg grating in a small cross sectional area SOI waveguide has been realised with 
the surface grating etched to a depth of 220nm on top of the waveguides and covered
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with a SiOi top cladding layer. The Bragg grating will reflect resonance wavelengths, 
Àb that satisfy the Bragg condition:
A - (7.10)
where is the effective index of the waveguide structure, A is the period of the 
grating and m is an integer representing the order of grating. Silicon inherently has a
very high thermo-optic coefficient of —  = 1.86xlO"VA' [7.14] at X =1.55pmdT
compared with other commonly used semiconductors and optical materials [7.15]. By 
utilising the thermo-optic effect in the Bragg gratings structure, this will cause 
effective index changes as a result of temperature rises in the silicon guiding layer, 
SiO] top cladding and BOX layer in an SOI structure. As a result, the thermo-optic 
effect will induce changes in Bragg resonance condition and hence realisation of 
wavelength tuning in Bragg grating filters.
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Figure 7-34: Bragg resonance wavelength as a function of applied heater voltages.
The Bragg gratings sensitivity to temperature changes is investigated by introducing 
Joule heating of the integrated aluminium heater deposited on top of the Bragg 
gratings as discussed in the experimental setup of section 6.3.5. The maximum
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sustainable current for the integrated heaters of 1100|im in length are studied (Figuie 
7-29). From the graph, Imax is 60mA for heater length of llOOjim, this corresponds to 
heater voltage of 4.7V. However, the applied heater voltage was kept at 4V in order to 
prevent it from being damaged by electiomigration. Prior to any introduction of 
heating to the Bragg gratings, a wavelength sweep was performed for use as a 
reference to determine the relative wavelength shift due to tlie thermo-optic effect. A 
single wavelength scan process usually takes 20 minutes (10pm scanning, step size) to 
complete; this will allow sufficient time for the heater temperature to stabilise before 
increasing heater voltages. Figure 7-34 depicts the experimental data for applied 
heater voltages as a function of Bragg resonance wavelength shift. The non linearity 
in the relationship is apparent after the data were fitted using a second order 
polynomial fit. This can be explained by the fact that tlie silicon Bragg gratings also 
experienced thermal expansion which can be expressed by [7.17]:
dT dT ^  dT^ (7.11)
The second term in the equation corresponds to tlie thermal expansion of grating 
periods which contributes to additional wavelength shift. This effect may become 
dominant when the applied temperature changes become larger. It is convenient to 
display the corresponding wavelength spectr al response as a result of supplied heater 
voltage to the Bragg grating filter. Figure 7-35 show the transmission spectral 
response of the Bragg gratings filter as a function of heater voltage. It can be seen that 
the Bragg grating exhibits thermo-optic tuning capabilities where a maximum 
wavelength shift of 3.5rim can be achieved at a heater voltage of 3.55V. The tuning 
range of the filter essentially is limited by the maximum sustainable current of the 
aluminium heater. Tuning range should improve with better quality of heater material 
such as nichrome [7.13] which has a higher melting point of 1500°C and resistivity of 
107.5xl0'^Qra [7.10] compared with 660°C and 2.65x10'^Om [7.10] for aluminium, 
hi addition, driving the heater beyond the limit of the allowable current will 
deteriorate heater lifetime which in turn inflicts permanent damage to the heater by 
enhancing the growth of voids. This phenomenon is consistent with the destructive 
measurement observation of the aluminium heater reported earlier in section 7.4.3.
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Figure 7-35: Bragg gratings fîlter transmission spectral response for different heater voltages 
with 1450 periods and grating period of 0.688pm.
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Figure 7-36: The shift of Bragg resonance wavelength as a function of heater temperature and 
driving power for Bragg grating length of 1000pm and 0.688pm grating periods.
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The relationship between the resonant wavelength shift and heater driving power is 
depicted in Figure 7-36. Their corresponding heater temperatures are also plotted at 
the same graph in order to determine wavelength shift as a function of heater 
temperature. The temperature of the heater is predicted by measuring the resistance of 
the heater during thermo-optic tuning. This assumes that the electrical power fed into 
the aluminium heaters is fully converted to Joule heating. It can be seen that the heater 
power consumption is approximately 190mW for the highest resonance wavelength 
shift of 3.5nm with heater temperature of 120°C±5°C. When a linear dependency is 
assumed between the wavelength shift and driving power, the slope of 18pm/mW can 
be evaluated from Figure 7-36. Using the same assumption, the tunabliity of the 
Bragg gratings can be derived as 34pm/°C change of temperature in the heater.
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Figure 7-37: Temperature distribution and heat flux at heater temperature of 50°C for top SiOz 
cladding thickness of (a)lOnm and (h)lOOnm.
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It is interesting to investigate the dependence of the change in effective index with the
applied heater temperature dNeffdT , which provides an indication of relative
contribution of thermo-optic effect to the wavelength tuning. It has been suggested by 
Barrios et at. [7.21] that this dependence can be estimated either from the change in 
effective index as a function of the dissipated power or temperature change for a 
given drive power. The author used the former approach and the combination of a one 
dimensional heat transfer approximation and BPM to predict a linear dependency of 
8.7x10  ^K \  They argued that the smaller value of the dependence compared with the 
bulk silicon thermo-optic coefficient of 1.86x10"* K ' is attributed to the existence of 
free carrier dispersion effect which opposes the thermo-optic effect.
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Figure 7-38: The dependence of the change in effective index with temperature for various
thickness of top SiO: cladding.
Following the approach of Passaro et al. [7.22], we predict the dependency of the 
change in effective index with temperature by performing a series of heat transfer 
simulation in the SOI rib waveguides with a 2D finite element method [7.24] and 
compare the simulation with experimental results. This method is significantly
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different from other approaches in the literature [7.14, 7.15] where bulk tliermo-optic 
coefficient is usually considered. The schematic diagram for the simulation of the 
waveguide cross section is depicted in Figure 7-37, where thermal isolation trenches 
are implemented on each side of the slab region to improve thermal confinement. The 
modelled SOI waveguide dimensions aie H  = 1.5p.m, W = l.l|im  and D = 0.9)Lim. The 
aluminium heater width of 1.1 fxm and 0.5pm in thickness aie modelled in accordance 
with the heater dimensions shown by SEM images in Figure 7-24 and Figure 7-25. 
Both Figure 7-37 (a) and (b) show the temperatuie distiibution and heat flux (thermal 
power per unit area) in the SOI rib waveguides when subjected to heater temperature 
of 50°C with top cladding SiO% layer thickness of lOnm and lOOnm. Not suiprisingly 
the heat tiansfer from the aluminium heater to tlie waveguide is more efficient with 
the thinnest SiOz layer. This waveguide structure with lOnm top SiOz cladding layer 
will serve as a reference point when comparing witli the bulk tliermo-optic coefficient 
of silicon. We consider convection and radiation to ambient ah' to be negligible to the 
overall heat transfer process. The thermal properties (thermal conductivity and 
specific heat) of the material are assumed to be constant over the temperatme range of 
interest (20'^C - 200°C) and it is assumed that the heat flux is evenly distributed on the 
top surface of the heater. Under these conditions, it has been found that the
dependence of for lOnm Si02 top cladding thickness yields 1.7283x10"^ K'^  as dT
indicated in the legends of the graphs in Figure 7-38. In compai'ison to [7.21], our 
approach yields the thermo-optic coefficient value significantly closer to the bulk 
silicon of 1.86x10 [7.14]. This observation enables the simulation of thermo-optic
coefficient to proceed with confidence.
For the purpose of compai'ison between tlieoretical simulation and experimental 
results, we extracted the data of Bragg resonance wavelength for each of theii' 
corresponding approximate heater temperatures in Figure 7-36 and the change of 
effective index can be expressed by [7.21]:
4
(7 -12)
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where AX is tlie wavelength shift and Neff = 3.3814 is the effective index of the 
fundamental TE-like mode and Xb =1550.93nm. In Figure 7-38, we also evaluated the 
dependence of the effective index changes to temperatme for different top SiOz 
cladding thickness of lOnm, 200nm, 400nm and Ijxm by solving the slope of their 
respective plots. The results show that the experimental data yields the value of 
7.57x10'^ K* which is in close agreement with FEM simulation prediction of 
7.19x10'^ K * for 200nm Si02 top cladding layer. We consider the slight difference is 
attributed to the misalignment of die aluminium heaters as indicated by SEM analysis 
in Figure 7-25 and variation of Si02 thickness in the fabrication. Furthermore, it is 
very difficult to determine the actual heater temperature and the heat flux may not be 
uniformly distributed across tlie heater. Although it is desirable to reduce the 
thickness of the top cladding layer between the heater and rib waveguides for efficient 
joule heating, the optimum tliickness has to be accomplished without causing any 
optical attenuation. This can be achieved by modelling a series of optical intensity 
mode profile plots for various Si02 thicknesses in TE and TM polarisation for a 
particular waveguide structure whilst observing the evanescent field extension 
between the interface of silicon and Si0 2 .
7.6 Summary
In this chapter, we have demonstrated the potential of theimo-optic tuning of 3"* order 
Bragg grating filters fabricated in small cross sectional SOI waveguide. The 
propagation loss of SOI rib waveguides was investigated using Fabry-Perot resonance 
method yielding 4.8dB/cm. The sidewall roughness of the waveguide from the etching 
process becomes a dominant factor when waveguide dimensions were miniaturised in 
the region less than 1.5|xm.
The measured reflection spectial responses for 3*^  ^ order Bragg gratings on SOI rib 
waveguide witli gratings period in the region of 0.689|Lim exhibit maximum peak 
reflectivity of 0.42 with 8dB sidelobe suppression. The waveguides and gratings 
features taken from SEM and AFM analysis were then used to model the reflection 
response of the Bragg gratings. The maximum peak reflectivity attainable by variation 
of grating etch depth on the 3^  ^ order Bragg gratings with grating lengtli of 1500p,m
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indicates relatively good agreement with tlie prediction of Floquet-Bloch Theory, 
when the depth of periodic coiTugation of the grating induces strong perturbation. 
However, these results also suggested that the vaiiation of duty cycle in the gratings 
has a significant impact on broadening the spectral response and changing the Bragg 
conditions of the grating, leading to the shift of Bragg resonance wavelength. SEM 
analysis was performed to investigate potential failme mode of the first fabrication 
run for deeply etch gratings. The implementation of Bragg gratings extended on both 
sides of the slab region does not exhibit the characteristic reflection spectral because it 
induces high scattering and possibly higher order modes in the devices. Hence, a dual 
mask fabrication approach is used to realise the gratings effective index modulation 
which is confined to the top rib region.
Finally, a systematic analysis was conducted to study the characteristics of tlie 
integrated thin film aluminium heater on top of the Bragg gratings which were used 
for thermal-optic tuning of the devices via joule heating. The temperature tuning 
capabilities of order Bragg gratings filter on SOI rib waveguide have been 
investigated. The Bragg resonance wavelength of tlie lOOOiim in length gratings was 
thermally shifted to 3.5nm witli heater power approximately 190mW. Wlien a linear* 
dependency is assumed, the tunability of the grating filter yields 34pm/^C. The tuning 
range of the filter can be improved using an alternative heater material (clir omium and 
nichrome) which can withstand higher operating current with high material resistivity. 
The influence of tlie Si02 top cladding thickness on thermo-optic tuning sensitivity of 
the filter was performed. A 2D FEM heat transfer model was used in comparison with 
experimental results. The observation of tlie simulation results was consistent with 
experimental observations.
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Chapter 8
Believe in the light while there is still time; then you will become children o f the light.
John 12:36
8 Summary, Conclusion and Future Work
8.1 Introduction
The purpose of this chapter is to review and draw conclusions from the work 
presented in this tliesis and to suggest areas for future work.
8.2 Sununary and Conclusion
The objective of this work presented in this thesis was to design, fabricate and 
characterise third order diffraction Bragg grating filters on small cross sectional 
silicon-on-insulator (SOI) rib waveguides. We have also demonstrated the thermo­
optic tuning potential by shifting the Bragg resonance wavelengtli using an integrated 
aluminium heater deposited on top of the rib waveguide, separated by a tliin layer of 
SiOz cladding. The comprehensive device designs studied in tliis work will enable 
researchers to extend their* knowledge about the device optical performance with 
var*iation of waveguide geometries. More importantly, there is a potential for 
improving the heating efficiency of the thermo-optic filter* and configuring it as a 
thermo-optic switch.
New design guidelines have been proposed for* tlie design of small cross sectional SOI 
waveguides. As the tr*end of miniaturisation of waveguide dimensions is getting 
stronger in submicrometer scale, the commonly used design rules for* large cross 
sectional SOI waveguides are no longer* sufficient to address the polarisation 
independence and single mode condition issues. We have analysed a range of deeply 
etched SOI rib waveguides with small cross sectional dimensions using the full- 
vectorial beam propagation method (BPM) simulation to provide theoretical
8-1
Chapter 8: Summary, Conclusion and Future Woi'k
predictions that certain waveguide geometries can lead to single-mode and 
polarisation independence simultaneously, hi particular, the validity of the single­
mode theory for very deeply etched ribs with waveguide heights less than a few 
micrometres have been considered. According to the simulation, tlie single-mode 
boundary is totally different for quasi-TE and quasi-TM modes when small cross 
section SOI waveguides are considered. The results also imply that the single mode 
condition for small waveguides with deep etch depth (r <0.5), is effectively limited by 
the boundary condition set by the quasi-TM mode. Separate simulations carried out 
using the full-vectorial BPM approach and finite element method (FEM), both 
showed good consistency for the polarisation results. The independent verification 
using two methods confirms the accuracy of the simulation. It has been shown that the 
waveguide etch depth is one of tlie critical waveguide parameters which has a 
significant impact on the waveguide birefringence. Hence, high waveguide etching 
tolerance with good reproducibility on the designed waveguide geometry is vital to 
satisfy zero birefringence. In practice, the birefringence caused by slight waveguide 
over etching can be compensated by tailoring the thickness of the Si0 2  layer grown on 
top of the waveguide, to utilise the str*ess induced bhefringence to counter balance the 
effect. The trends noted in the scaling of SOI waveguide dimensions can help in the 
study of other silicon photonic components such as modulators, ring resonators, tapers 
and couplers.
Having determined the waveguide dimensions of a rib SOI waveguide from the point 
of view of single mode and polarisation independence, the work then focused on 
modelling of deeply etched Bragg gratings on the waveguide. It is well known that in 
low index contrast technologies, gratings can be accurately modelled by Coupled 
Mode Theory (CMT) assuming that the interacting modes are mutual orthogonal. This 
treatment of the interacting modes provides accurate results when the periodic 
perturbation is weak. On the contrary, the CMT approach will be less accurate if the 
grating perturbation is strong and/or one of the modes is leaky and not well confined. 
In this work, we have established both theoretically and experimentally that the 
Floquet-Bloch Theory (FBT) is an effective analysis technique for the design and 
simulation of deeply etched Bragg gratings in SOI waveguides. The influence of a 
range of parameters on grating performance was examined, including grating depth, 
duty cycle and grating period. Deeper gratings increase the maximum achievable
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reflectivity witli the same grating length. The higher values of tlie duty cycle can also 
improve the full width half maximum of the filter. Therefore, tliese parameters can be 
used to determine the optimum filter response required by the designer.
Two fabrication runs were conducted in tlie realisation of the thhd order diffraction 
grating on SOI waveguide. The first run fabricated the design for gratings covering 
the top of the rib waveguide and extended to the slab region to provide further 
refractive index modulation. Unfortunately, the grating filters in this batch did not 
exhibit any chaiacteristic reflection spectia. SEM and AFM techniques were used to 
investigate and check for possible fault incurred during the fabrication. The optical 
filters were found to exhibit giating misalignment and waveguide geometiy vaiiation 
across the wafer. Another useful result that arose from this work is the knowledge that 
the implementation of grating extended to the slab region has caused significant 
scattering loss to the devices which adversely affects the grating reflection spectrum. 
As a result of the observation, a dual mask fabrication technique was used to confine 
the grating on top of the rib waveguide to minimise the contiibution of scattering 
losses. Hence, surface gratings aie preferable from a scattering loss perspective.
Chapter 7 provided discussion of the experimental results obtained in this work. The 
measured results were compared with tlie modelling results. The Bragg grating filters 
with variation of etch depth range from ISOnm to 220nm exhibited a reflection 
spectial response in close agreement with tlieoretical prediction by FBT. The 
maximum reflectivity achievable by the 1500|xm gratings length is approximately 
0.42 with 8dB sidelobe suppression. The maximum reflectivity of devices is probably 
limited by scattering loss attiibuted by waveguide sidewall and deeply etched 
gratings. The reflection bandwidth appeal's to be slightly broader in compai'ison with 
simulation, which may be caused by the variation of grating period and chiip in tlie 
gratings, which gradually changes the resonant wavelengtli along the giating length. 
The effect of chiip on the reflection spectrum has been predicted by numerical 
simulation suggesting the bandwidth of the filter increases compared to uniform 
gratings. Wliilst offering a possible explanation for the broadening of the grating 
reflection spectium, tliis hypotheses need to be further investigated to confiim the 
effect.
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By utilising the inherently high thermo-optic coefficient of silicon, the Bragg 
resonance wavelength of the filter was dynamically tuned by an integrated aluminium 
heater situated on top of the gratings. The SOI Bragg grating filter exhibits a tuning 
range of 3.5nm with driving power of 190mW. The Bragg resonance wavelength of 
the filter was shifted by 34pm for every 1°C change of the heater temperature. To the 
best of the author’s knowledge, this is the first démonstration of thermo-optic tuning 
via an integrated heater for thhd order diffraction grating filters with small cross 
section SOI waveguides. Since tlie tuning range of the filter was limited by the life 
time of the aluminium heater, different material and heater thickness may improve the 
filter performance.
Whilst taking thermo-optic tuning measurements, the thermally induced movement of 
the device when being driven with electrical current affects the coupling between the 
fibre and waveguide. This is thought to be due to the linear thermal expansion of the 
devices due to high siuface temperatures at the heater and aiound the contact probe 
tips. This means that coupling has to be re-optimised for every increment of the heater 
driving voltage, leading to higher time consumption for the measurement. This is 
further complicated by the fact that in this work, the yield of the working grating filter 
was low and the heater on the grating might fail dining the measurement. Another 
useful result that arose from this work is the knowledge that tlie linear' thermal 
expansion of grating penod in silicon may contribute to the resonant wavelength 
shifting of the filter during thermo-optic modulation.
The influence of the heater temperature on effective index changes in the device was 
evaluated by 2D FEM heat transfer modelling and compares the reference model to 
the experimental results. The reference model is constructed of an SOI rib waveguide 
with an extremely thin layer of lOnm Si02 situated between the heater and the top of 
the waveguide. Subsequently, this reference model was checked against the bulk 
thermo-optic coefficient (TOC) of silicon, yielding the value of 1.73x10'"* K * which is 
relatively in close to 1.86x1 O'"* K'* for silicon. Not surprisingly, the thinner layer of 
top Si0 2  cladding layer improves the thermal distiibution and efficiency of tlie device. 
However, it is important to note that the optimum top cladding layer thickness needs
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to be determined without causing adverse degradation to the optical power due to the 
metal heater situated on top of the rib waveguide sti'ucture.
Another significant result in this 2-D thermo-optic simulation, was that tliis approach 
tends to confirm that the simulation provides a high degree of accuracy in the 
prediction of temperature sensitivity of the device which is vital for the optimisation 
of heater and waveguide structures to improve the tliermo-optic tuning efficiency and 
performance. The measured Bragg resonance shifting as a result of tlie theimo-optic 
tuning agrees well with theoretical prediction based upon FEM heat transfer analysis. 
Therefore, these devices could find application in tunable filters and switches where 
dynamic reconfiguration and routing of wavelengths aie highly desirable in optical 
networking system.
We have successfully demonstiated third order diffraction Bragg gratings on SOI 
wavelength tunable filter based on thermo-optic effect. The modelling techniques 
used in this work, were in good agreement with experimental results. This work could 
be used for furtlier thermo-optic optimisation which could be useful for future 
development of fast and low cost SOI filters in coarse wavelength division 
multiplexing (CWDM) networking systems.
8.3 Future Work
Recently, some of the challenges facing silicon photonics, such as the realisation of 
viable optical light sources and fast modulators have been addressed with the 
experimental demonstration of the respective devices. Despite the milestone 
achievements, the technology has yet to show tlie true integration with other silicon 
based optical components such as filters, coupler and ariay waveguide gratings. This 
thesis provides foundation studies of small cross sectional SOI waveguide upon which 
the theimo-optic tunable filter was built, leading to realisation of a dynamic 
wavelength selective filter which is compatible with conventional silicon based 
fabrication processes. The suggestions for future work may lead to greater 
understanding and advancement in miniaturisation of the device dimensions.
8-5
Chapter 8: Summary, Conclusion and Future Work
The new design rules for small cross sectional SOI waveguides need further 
experimental characterisation in terms of their respective propagation loss, single 
mode condition and polarisation independence in relation to their different waveguide 
geometry variation. This will provide additional support to the hypothesis that certain 
submicrometer rib dimensions can lead to single mode and polarisation independent 
SOI waveguides. By controlling the top cladding deposition conditions of SiO] on the 
waveguide, the stress induced birefringence can be used to counter balance the 
birefringence due to waveguide fabrication variation.
1. Press 
Mold
mold
resist
substrate
2. Remove Mold
3. RIE
Figure 8-1: Schematic of nanoimprint lithography process [8.2],
The contribution of the scattering loss of the gratings in relation to the etch depth must 
be studied and characterised since it becomes significant in submicrometer devices. A 
series of Bragg gratings with etch depth ranging from shallow to fully etched gratings 
will enable further comparison of theoretical studies with experimental results. New 
fabrication techniques for rapid prototyping of these devices will be fully realised 
with application of nanoimprint lithography (NIL) [8.1, 8.2]. This is a less costly 
alternative to common lithography techniques, which involves physically imprinting a 
resist on a substrate and subsequently creating features following an etching step as 
shown in Figure 8-1.
A three dimensional bi-directional beam propagation method [8.3] capable of 
simulating highly reflective structures and resonance cavities such as deeply etched
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Bragg gratings and Fabry-Perot structures may be useful to aid the design and 
optimisation of the devices.
The application of anti-reflection coatings will minimise the reflection between the 
input fibre/gratings and the facet of the waveguide and the noise floor of the grating 
reflection measurement compared to time consuming angled polishing techniques. A 
straight waveguide should be place adjacent to each grating device in order to 
improve characterisation of the propagation loss and provide power normalisation 
against with the grating filters.
I
I
I
I
Figure 8-2: Proposed new heater structures providing redundancy of series resistor.
Alternative heater materials such as nichrome and chromium are suggested in order to 
improve the life time of the heater while providing high resistivity for Joule heating. 
Introducing a different pattern on the heater as shown in Figure 8-2 will enable 
redundancy of the heating element to be provided in case of failure.
The usage of infrared thermal imaging tools may be useful to determine the actual 
heater temperature through non contact temperature measurement. The heat patterns 
on the heater are very difficult to predict, this means that it is not always possible to 
know where to attach the thermocouples necessary to make accurate measurements 
and effectively evaluate heat dissipation. Furthermore, since the thermocouple needs
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to be in contact with the component to be tested, it can influence the results of the 
measurement.
Temiinal 3Teiininal 2 Grating 1
3dB
coupler
3dB
coupler
Terminal 1
Grating 2
Terminal 4
Figure 8-3: Add/drop filter based on Mach-Zehiider interferometer with Bragg gratings.
The device demonstrated in the present work could be used to realise a fully 
integrated add/drop filter [8.4] using Mach-Zehnder interferometer (MZI) with Bragg 
gratings placed on both of its aims as shown in Figure 8-3. In this device geometiy, 
multiple wavelengths input into Terminal 1 will be equally split into the two arms 
with identical gratings. One of the wavelengtlis is the Bragg wavelength of the grating 
and is reflected back, while the rest of the wavelengths pass through. The reflected 
signals from both aims combine and emerge from Terminal 2 as a dropped 
wavelength while the pass through signals combine and emerge from Terminal 3. The 
tuning mechanism could be added to the MZI to offer dynamic wavelength selectivity 
using either thermo-optic effect or free carrier dispersion current injection to modulate 
the refractive index of the silicon waveguide.
For future study, different grating configurations (cascading two gratings), higher 
order diffraction gratings and grating profiles [8.5] should be investigated in SOI rib 
waveguides sti'uctures.
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